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Thiw rsorios of' reports suwaarlik.g virar ifl*st-igation uc arriod

out by Ifadi~cal Division in -collabor-ation, with Plwi-lton R of thov I Ta:tio al

Deronse Research CoA~dcttaee While prirTý!,rily related to Llw~ vur'ar

the leaFJO~lv loarQý.d bhouid prevent, or. redcte the in~jarios Inoidont t -1o

~n yciof' major ftres0  In order -to, mcarkc the. results of thotý)iv

.vo3tig~tionB miore readily avail&bls9 DitL John ~ Z Pr.x oenso

toc ptit. the roports 5,n more' popui cr £om and to e)1imainato all m±eu

- avinig tL o18~sifiostion htlhor than lleetriatot lie is ez:Iinently qulslt-~

Lied for this ta~lk havin6 bsen stavbI6nod as a USAP3,ff.Sc officor at

Meadical Di'viflon diirtrniý týhs -ar vith rosuoraiobilittes for thooio uýtiileofec

tic is no-%r Ansit~twnt 1)rootor, Hris3kcll LaboroLtory oV indiustrifA 2'QxiIoO)Oýy,

diJ ch Pont. do No4v ur A1 QmIy i: 1 i~oDtxarc
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MeialOviic Soecial1 Repcirt No; 4

PATro As sosanent of Toxic F7aotors Created by Fire;

'The r41ilite ry importance offlame at l-nfortified Ja sýposi""ion

in.the, Pacific the~ater - led the Mcedic~al Division; Ar-my Chemical Cotps, In o

operation wfith the, National Defens~e Research Committee, to unidertake, ýat' fln11-

vestigattonl into the casualty producing factorF i flam tak

E arly pilot experiments left some dobt- as-to vihether heat or a t oxica
a~trmo sp416rer It'as the primary lethal factor in killing Taen Subjected to flame
attrtock inenloed Co-tifiotin -hntevcisshowed no vi~sible ai~gui

of surface burning. 'The expsrimen ts first oarried out by th!e Medical_
Division- were desig~ned-to measure quantitatively and Qontinuously blef 6rq,
during and aftbt flamie atta~c'k1the air te~mparaturea and the coqncentration or-

-va~rio~us gases in, the atmosphere (02., GO, G02, and--hydoarbons) which night

contribute to the production ofl casu~altie3,. _The methods ftnally adopted
are dosoribed0

*Following t~he initi&.1 eýrperiment~s on a poorly vtentilatied Japanese

t~yne bunker, experiments wxere -conducted on other struct~ures of differentt
ventilati-on ohar-actoristico, and on targets Lin the openi.

In or-der to correlate the environmental aohanges recorded by the

measuring instruments wtth their physiological effe'ots'ýi1 osti nubr

of goats were i . spcsod under rLiVid medical supervision and pertinent,
physiological, ;ýbssrvations were made,; In a further effort to eluicidate
the relative i.,nportance of' the various factors, animals were exposed to

the effact. of 'the separate f aotors,: singlyr and In combi-nations Of two -or

More. _1- oq¶~ g~s la tak~nre-also stud-led.
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I.T Asseasment of Thxic Factor Creae by Fire.

WiLile lame warfaro. plQyed bu~t a, SMXl_ part' in -operations4 carded.t out-
by United, States foroes inr the Futro atheater OT' Worl'd War TY, tit -role

in the- Paocifico.nio _ a theater-assu; ed increasinf, 'impor oe toUie tates fforce(ý,
as -they proceeded w--ith -tha attauk- &nd rtdq~tion- oT 'Petrdonly Corti-fted-J40a-
n9oSO islan poi~nn Japanese 'fort ific ati ons were often, so constructed
as- to-ba almost i mpregnable' against attack writh artillery or -mortar, shell,
serial becmbs, rg,-ceaadesi rý =ml a &Iatmae It wL .covored eompirically that
"lames throwfera wert often oftective in killing, the occupaut8 01 ot iue forti-
fied posi~ttcns. Da thei ziaat htle, flame-warfara wao being: used o-tten1sive-,
ly ýy Canadian forces -in the U__,orthpiest Europeoa~thoatet-, and somewlhat. leas
extensively by Britia'h £orce6. It was notioed in both tho Exiropoan rend
Pacific theýaterta that the occupants -of Lortifications subjaocad to Llame
attaock yore solnetines killed -.lthout viaibl-e evidence ofl Vein-, burne-ad 5

-It W&as iMpottsnt from the m.ilitary point of vitw todiovrht
factors~ other th-an the direct o~ffot of' ountact with buirntngfuel :were'-VG-
sponsiblo for killing the-occupants. of'fortifioationa attacked Vdth-flaM50s

Eenc thprimary problem was to doteraino what loth'l atoreý att. an
.its incinerating effect might be present in petroleuma fulel bwrnPr g insiado
a 0lo6e4 or partially closed atruoture0

An intensive eftort was made in the field to detsrdmno the clause of'
doeath in the unburned casualties trots flame attack0  A pa-thoIIoy to xWMa
frcom No, 1 Canadian Mobile Cý W(. laboratories ao~crpaie ooo1 inf wntry
operationa- in which flame thvowets <were nsed7 Canvdien medlioal. services
-were a-lerted. to the proble~m as vWlL. Tho Medical Diviuior±, Arr y Chicmt -
cal', orpia, sent Captain Qoorae C0 Rlam C.. to. the -Tao if iathkattý for.

t~h p-ps of gathering simiilar d at a It was found imposoiblo, ho-wevar?
im -eitiea un6euRiropean, or Paoific hae oetolehcndto~~c
as to cause of deaýth buerwacuo the chaotiec oniditiona9 of the battlefýield
neooositiated too long a dolay before t~he bodies could bo o.aOV1AllIy S.

&'indor becauise incidenltal d&¶age to1 thle bodiUen fCrm other toavponaj
af-ter the ifl&eao attack r~endterael thea cau~se of deatýh doubtful- Afteor two
Canadikan officerp, wRG1e iwo unded Jhileatu dying the e~ffee-tj Of` flftrao at twck
un1der- fiti-o, It. M-3s dtieidedC that, the probicra cou-ld bost be atiidtad iai
expe2)imental establiahnents at Ecuc:aý

?-iJlot exneriuqits roanepled that, biurning fu oEl aisChear~ fom a 1
t'iu-rier into a poorly -otl~e ot~iaio zsntoas~mltol
cc-;-abvst-ed w-1ithin the forttfioac-tion0 ý it vias theroforc7ý Hasy toý' poetA lat 0
the norocnene of carlbon rmonoxide as a poesiblo lothel tccm Alog~
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carbo tnoide oie wuld: xoe~ t~Mid' carbon dioi, a% ddiinc tt
mospherie -oxygenJ botai~r. -particulate matter (oily s MP e) aM possiblyt

tem Zndtinto these t here . night be present irritant_ gases rQsult
ix t&the iparti deopsitioa of, petrole_ --fualc

Thexeai6tprac op: the5e, t~aettrs wee unkm orn It was, -there-
Corb, decid-ed to att~mpt to diascbove''t tWe, nawtLT of the -lethal faetors e-Otu~
ally present-in-flane attauk;` and--tb v- at theifr -rilstiat i -_mportano~

S~Ce poorly vetiiated JsP stýe- fo'rtt'ficati ens --were at -thtitnment of, pri-
iaaryý military interost, iaitia I in4&erest centered. onl Satdy'a ofth,6.D effets-
o6f Pe6troleum firea ip pioorly ventilsted atructutbý- .-Subsequent-ly the'
scope.-of 7the inveztigations was enlarged to. cover- tha-ldth-ni factors in-
volved In flame attack ýof moderately a~nd -.ell ventilata-d postti~onci

The~ study Or the lethal factors involveVd in flt~e att'acizwas inattiatbod
ýn this' country in~the spring of 194.4 rýhon Dr AlIan R. Moritt~ and oc'workcErs
of Hsarvard University; w-orkihg, 4Underoýontra-ot with Division 9, 1Naýtional De-~
tense Research 0omi-ttsc 0 agree d itfocar~ryý out a sor 'ies. -of"pilotsxaiet.
At abou~t the som tima, th5 Cenaýdian gdVermanft. aleo-underetook a series of -

experiments" invollving the f layte attack: of a Model Jaýtanssez ýbuincr

There was- irrmediatoly a-vailable for Dr. !Xoritt's work oevtain -facIlI-
ties or the Factory 2ublial Expari-ment Sta-ption at INorwoo-d, Mass. A concrete
fireproof room of 80.0 ou~ft, capacity, wihiýh could be made noarly airtight;
was ohosen for the £itst experiments. Gasoline we -placed In shallus' PnS~

w,,hich co-mpletely covered the floor of the rorann wr~s iginited by ana
electric spark. Sampleo of the atmogphere -aere. collected Lin ovacuated
flasks thr~ough long tubes leading through the wall of t~he conflagration
chamber0  Ail; temperatures woro taker. in 'severa-1 locations in the ohwmbar
by means of continuocusly recourding sonoitive 'thermcc~ouplee,

Th-plot expertit~ents> indieated that Vih-en tha 00nfagraIo chanbocr

was poorly ventilated2 ' the gpas dine fire was qukickly szfttnguiLhod by, l-ck-
of oxylgen, but thlat in- no case did the oxygeni cnonentration In the3 atmno-
phere, dr-op bae r?ý 14%: tho carbon rmonoxide concontrati ozt oooane 1,46r t -

A A~ -C 4J. . 'k -1n

90 wore recorded Wgt vers6 not miaait~atn~d arbova 400 0 C f fOr move than
2~~~~~~~~~ 0 ~ rdi T ýa.lgain ih, r- t ha ohviýber .~tvontilaret~ tin'1

grtwoline burneld complet-ely anad there Twas no ovidenco of signif icant, o",ygen
* do-viotion or -oeotnn f M gnificant azflunts of ctonro nono>:i d,ý or

ca rb'on dioxide in the ktmifbph)ro.~

CA thle basis OfC those pilont exprOriments; 32o)r I t f an d UsA ceo-workers
ooni1udod that heat w-as probably the riiost `L-aportalnt e*isualq produoi;:Z)7
factor in gasoline corfflpýrations- Theyr accordingly dirscte~d -their
efforts t~o an investivation of the ti-te.-ener-gy celationeýhipo in tePro=-
duetio-n ofP casuialties by axposure to 0et .ho hi mkhs~-
beenl publisln'd (l2645t;;;)and will, not bi- describei Iin de-tail

* in his rpoct



Atapprorttate~ly nme tnath aois x'rnoC6 te nwir
goe~n arried out e eeories of Qxpovintcus ILLK0171 A VI1a<a t iWOC m-, r

tittaok of a aodol Japanaaýts nor at~h ~uLi1d AhetU17pri~n ~a
ti'm. In the oc~rirsa of h'S'tEL G6 atuitf ýaF3 at% repeodi ttdh ne In

such a positi on, that -the(ýy were sh~io~dod £Pom the tlr,_!e itself.. t Dsat h8
ooouxred-in oo~w& of these goats, and in the7 najoritq 6f thoss s3xio otimlb in
a lethal cýonoentlration of riarbon. monoxiLde waq f oun-d inl the, blood (lotll),

The Canad~ian data indicated that the, orodwirts of oomburtion mnSfht play
Ek More irapoittmttnt role a a lethal factor i-n fl1am e a~ttiack than, htd been- cuý,q
pacted on the basis of ýUorits's pi].ot exax~ns~~cuuof unfavorq~blo
metborolo'gical conditions 6at tIn" Suffiold 'Rfxpsritoý-nt Statioti ft w are
that the IIZvdioal Dvioion; Ainy rCh~miQa 1. Corps, withL the 9Vwonort of DiVIsion.1
9, Nation&), Defense feerh.ozlte;should unrdertý,4e( -anitniv ne~
tigyation into the lethal f'actors involved in-f½xle aýtt~rO of frzolo'ek ci ort1
ficatlonsý A Plains Attack. Sectioa,lof thr, Tod-co-logiocOl 1{oSeurch Labolra,-~
tor-y, Yo!dical fLiwision; A~ttsy Ctismcal Corpoi, i~as Fcicordln~ly seat up i-n tin
wTwraier of. 1944 under the ocas of Captain Duris B, Thubon3,to4eihn Mi .ud,
su~bsequently of (,Rntain Clorgo C., Yam: 'M<C and" Of Caiptain L; DB Hiob oun;L

SAss theru ytas lInodiately avrailaole at Ed64ewood Ara=ný, LOrllfd a
replicaý of the Je~paneoco. hunkcar whilch had. been used at WfuA(~~ )i
wias decildad to utiltiz '&b for thO CiOt pcýriifjtový

At the sAEme Uiiuaj a stuidy of tho conL~truction detsilc of zoap tud Ur Ap-
Pn Fessc and Germean fotfctosreccc-ried vllt by the-, a~th'ors rnd, as- n~
ouit, four dlfferent tvvaiýs vrsera rcprodtitoA at Edgcivoood Ar-senal Pi 2;3,4,
and. 5)9 The diveruity, of the tiyog perm~ittod conoiderable variation inl the
couditionri Attowkdnt to the flrAme attack0

It was decided. that, tche Lt rt objective of ther U0dgomood. %(oxtp Phould¶

bn to obtain quantita-tive nouincnnan tho Phyqical1 anýd chemical
onfnvs courriug nF-±uj Otiacew u'tbtlo ct-d to..tJ<ýiee att aolk- Intprcst -,aa

intal? etrdi ~ chne te -rig LQc inT locoatim-ons ohn lt G ad fro0ra,
the efrects of' dite;.A krt ThQ nineasuremonti ;Thiobh weore co0l81ldared moot

iinnorant wre ar; fol"lowerg

'. Yyo~cabnrorido, wa,_nd ia rb c 1n dioz f) c wnGtA nt
of air v;-rlthin 'hc, b~w~or,

aw0h0 connrto of uro1n0 li0o C1n i"Ad obber? h q

to be duei toc thedff- oe in conntoilo ctPt'z of pcvl; 'A

k 12'. Df ~ A L 0 .I d . . Zt o i n , 1 , obC )b

BJ2Trt"
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Ideially, all of the abovit varialbles wer~e to be mneasured continuoulsly,
beffore, during, and after fla.,AG attmak. With the exception of oaloric
bo~bar&beat, thid proved to be practicable. Subsequently, the Flame
Attack Section developed method; for makin% phyaiologiaal studies of ani-
bL&l. exposed to flamne attack and exterided its investigations to cover thti
flame attack of moderately and well ventilated positions.

lav'ing ruasuri buuL~h thv e~vltuo~tental ohangec produced b f e1amm

attack and havinog studied the net effect of these factors an aninaals, It
was desirable to attemipt to evaluate the relative importance of the lethal
ffactors singly and in combinations off two or more. Tvhe~e investiga~tion.6
were 'undertaken by the Clinical Research Section, !Ledioal Division, Army
Chemioal Corps;' under Captain P. R. Dumke, W.C.

The methods used for measuring the environmental and physiological
change~s produced in enclosed structures by fla~me attack are desoribed
b el ow,

A. Envrironmental Changes

1. He at

k&) Ambient air tamp~rature

Chaa-ges In, air tamperature were measured by means of a
ohiromel-ahwimel welde5d thermocouple whose output was amaplified and recorded
Oontinuounly. In order to insure, sensitivity '11 rapid uhangod in tempers.-
tuae, a finei themocouplo was required. No. 28 (12.G 441) ct"-ai.l and
alumel wirca wereý threadtd through two channels of a porcelain `Oabd and
alloried t'-o axtond about- ont quarter oV an inch frcm eaoh end. To theae
12e6 mili-wires; N~o. 36 (b fall) idrca werc wolded, chrom,6. -to cohromel rind
al'imel to alumel. TLhe 5 iail -,ire~i were th-on weldad to-tithor to &g1vf, a
5 miil tha ýLvjounl i- 12,6 mil IL~s Fro-T thrz, ot~h*-r ond of th-5 vmr-
oelti-in tubc th.,_P 1-2 6 fall *ire6, Jnulatod by &zboctot. tibai, t-uhingi weat
to thn cold P~niotion w~hire thety werý- co-an~oted 'G oopp-sr aed-.nd iuuorsed
in au iec; *tte-at- ba!L. The 00~- , p-r ieiký from '(1, E -- ere
..n. aeri-c wiith 't 10,00 ohnZ pote~nti OM.tor to per-mt foi-~tnn£~ li no and
ih z-a -ou P Ilýra 4 it a n c Thq clutp-.t of~ the thorroavple. v-as then &cip'i-

fiV h-rough it G~n-rra lguor-s, breakev. typ;e, D1)CV ."m Mpljkiiý~ ~c cutpull
on iýcOuCi d o starl~ r, Anrugi. XRulcýcre 141ýYiuMU'los of tlis e.n3

str~ýto-n gav a Quýuý a to 900('C!ý Jýitl- ofr ~ ~ec abou-11

0-.~~~uLýi' oý a.d6 or ')crýftrt- ivtwtht

a a
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electrically on a thermocouple brazed to the interior of t~hec cylinder. Wh IileC
these calorimeters proved t'o be satisfactory under conditions involving: rela-
tively slow charves; i-n temperawtures- the tinae 1ar, In response was -too g-reat for

them to be of much -"ue durirng the usual brief flame attac.ok under sim~ulated -
battle conditions, They wore accordingly not used f or the bulk of the exper-
iz ents.

2. Oxygen concentration in the atmosphere

The per cent oxygen in the atmosphere wa3 measu..red by mneans of'
the Cities Service MA. H. Heat Prover, which incidentally is also equipped to
measu,%re per cent co-omustible gases (niainly hydrocarbons and carbon monoxide).
Gas Samples wore drawn fro.- the bun-ker through a one-eighth in-ch pipe oy a
one-quarter hi.p. purno samnpliti atl a flow rate of' 10-12 liest.with a
neg-ative line pressure of t-wo inches of mercuryr. A second owntr zýhich is a:

* integral p~a-rt of the H-eat Prover, drew a measuared sample from this main

sample line and delivered it to the oxygen maeter.

The oxygen m:ater of the Heat Prover consists essentially or a
Wlheatat-one bridge circuit, two arms of which' are made ip of heated, catalyti-c,
platinuum wire, and twvo arm,-s o~f vrariab-le resistances and hot wires. The gas
sample drawn from the uuinkýer is mixed with excess h-ydrogen, generated in the,
meter by a sodium hlydroxide cell operating at constant voltage. On crn
in contact wit-h the heated catalvrtic platinurn wire, all of the oxyg;en ithe

* ~sample combines .vith *n-roen an th heteole -ythe reaction increase.
* the te:mperature of tm`i wire and unbalances the bridge. The degree of" unbal

ance is measured on a m4illi -voltsieter graduated to readr in ner cent oxygen.

To make a continuous record of the per- cent oxygen, the milli-
V'olkmfater wgas di-connected a~nt the degree of unbalance of the Wheatatone
bridgeL was measured on a Thsnoral Electric photoelectric recording galvanlomete'
having a full scale deflection for 210 microamperes. The accuracy ofý the
oxygen determinati on i s 4 0.56%, i. e., if' X =-per cent oxygen, the ins trumenntS m~easures it to within I T 0).5%.

3. Carbon monox-ide and carbon dioxide C oncontu-ýatioils

T¾ i~ o ooiead_ carbon. dioxide ;ootncntrsition& ini t, 3

amo s acr o were m~easured by means oil Leeds and .Torthlruo eun ~ a
CAaly 'zers, wh-ichA are designed to ;aeasure th',e in-fraredaborteofirlr

gae. The insttom(leut usedk ua .nt4_lly tht descrbdy G Fti
an .LPud (12), as their fi na instrcJo-t

a.d Doeratlain ofu cae.--nxd

in 'rj~ *de~-mnI to c, 'o c_ -io7 ½ -n

Inzz.'r , tli -d,,e ofl~'s or'o~ --iooxrle, na bate-- Jn!' r~~e~ and

rho at Da *.5esj tr r", v' n-a -, t'je

irer Itf 4 1 ~ tacr
--. :,



to elinainate the ~•e~'Ct of the vreoence of that gas on the cabon monoxide
analyses0  The di-vided bGam then falIo upon a differential thuoieWhich
uiaaurea t-ho difforoac-1 in energy ol' the. two hoarns,

The inf'rared absorpt-ion i3 maximal in the bean. passing
thrcugh the gas filter containing pure Oarbon monoxide, while the amount of
absorption in the beam passing through the oxygen filter depends on the con-
ceutration of carbon monoxide in the g&s sample.O In practice, the output
of the differential thermopile is made tero initially (ilu tho1c abaenca of
oarboon monoxide in the-air sample) by the application of a bucking potential.
Subsequent appearance of carbon monoxide in the air sample unbalancea the
thermopile by reducing the amount of radiation passing through the oxygen
filter.

*The output of the analyzers was amplified and recorded con-a
tintiously on Esterline Angus recorders. The relation of output to carbon
monoxide concentratiOn wsdetermined by analyting gas mixtures containing
known percentages of carbon monoxide. The air sample was pulled through
tho analyzer at a flow rate of' 10 liters/miine The'accuracy of the determi-
nation is proportional to the percentage of carbon monoxide in the sar-Ple,
so that if~ I per cent carbori monoxide, the analytical error is approxi-
mately ±0.06X~

b. Determination of carbon dioxide

The method for the determination of carbon dioxide is ex-
actly analogous to that for the determidnation of oerbon monoxide, except that
the two gas filters contain oxygen and pure carbon dioxide, respectively, and
the additional carbon dioxide filter ia, of courst,, elim~inatod. Since the
concenit.rp.tit~n of carbon dioxide in our experience was alwxays sufficiently
greater than that of carbon monoxiie to elirdnate serious interference :'roaa
the oresonce of the latter, an additional compensating filter containing
carbon monoxide was unnecessary,

The -sampling rate, method of oalibration, and aco of
the deýo-rmi~nation wore the sane as with carblon monoxide.

4ince neither carbon c'zieor oarbon dioxide are. con-
suAY-.d in the p, oooss of analyr~ia th~i _-wo air sg-nple wa': pflo(ed tLrouth'
carbon r~ionoýFide- aulyrors tknd car'bon (lc);A de i n aerioa.

4,C cio,ý-I&r ti on oil unburned hydr ocarborta

C17 ýopt< )x ~~h s: 5aino xyg~n ac Ftlrody do--jc-,ribe I arid
Inh A ~ o. t-w P}i&t~rin of' unbaraod, co bDujtijAl 11 hoU-' *

~~ C'-' -r- ~~~~~~ ucc ~ 4 C_! ~- C~r~ c'teco~o~ ~o~i~

OHM% 'M
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excabs, air pmruitting complete oxidation of' combustible gae over~ the
hei-ted catalytic platinumi wire, Sincse carbon monoxide was being deter-,
=~nad imu2.tanzously by meana of the infrared analyter,. the concentra-
tion of' combust-lbles other than carbon monoxide coul~d be estiiumated.

5. Other plassible toxic gaal-n

In order to determine whether any possibla toxic constitu-
--~to o"~ th~n atma:picoe-e 'tver6 beineg vnv so~ei;~ nmnles taken from a.
bunker nubjecteld to, £lam.e attack were analyzed by the National Bu.reau of
Standards, by- means of the mass spectrometer, The results of' two
analyses are showrn in Table 1.

TAkBI.E I

Aualycle of Gas Samples Fromn Edgavood Bunkear

COMDOnent Sample #1 sam~ple #2
Mole Per ceut Mole Per cent.

]~haae0.'7 1 0.05 0. 48 1 0.0lo

Acetylene 0.03 1 0.01. 0.015 t 0.0±

Ethylene 0.3b8 ± 0.03 0945 ±0.04

Propylene 0.04 t 0. 01 0.06 ±) 0.01

Acetaldehyde 0.14 1 0.01 0.18 0.02

butenes D6.04 0.O01 0.02 t 0.02.

Benzena 0.,06 0.01 0.07 ±0.01

Toluene 0.01 0.005 0'.02 '± 0.005

B aon 0.11 01,01. 0.06, ± 0.01

-itrote 73+O3 7 2

Carbon 11onoxide 2133 i 0.03 2. 9i1 0.03

Carboni !Aictej 8-.07 T ,0 10.0M X!+O

0Q 'l9.39 ':2 0'. 0k .5 0

It b tc f. n thatRsIk frQ caarbuuoilMCi WThf

OL-Ce a, r!3 2-M L.01 ''v ý'J h d .1 :C' '

'LV r 4ý: n 'L
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The instrummental date obtainedI by the methods described above
pointcd to 4h imotL l~hl co~c~~e ih flame attacir, but

the suatitative datA could only be evaluated by correlation with physio-
logioal and pathological changos assoclated with a given set of environ-

mental changoes. F~or this purpose/ expe-rimental aninals had to be used.

0Of the availahle experimental'animals, the goat was chosen be-
caus,1e it was felt that the respon.se of the goat would oloaaly approximate

the ra-vonse of man under the conditions-o±f the experiments. The goat has

proved to bce a satiseantory arii~r~l ror exporimente with toxic gabas. The
efffects of' heat on the goat had not,, to our knowledge, been investigated
prior to World War IT. but in this respect also, the goat possessed favor-I. able qvwlifications,

Heat can. produce damage in two ways: (a) 1Ly local injury or
destruction of the skin (burns), and (b) by elevating the body temperature

v-ithout neoessarilv attend-ant skin damage (hyperpyrexia). In the latter
case the rise in body temperature ashould be related to the amount of' heat

absorbed per unit of' body Weight (a/g. On the other hand. ambient
and radiant heat reaches the body fcror the surrounding atmosphere by virtue

of the caloric bormbarctent of the body surface. It is thus apparent that

a small animal with a rmlatively la~surface (target) area per unit of
body weight would be more vulnerable-to the effects of' heat than would ft

larger animal with its smaller ratio of body surface to body weight.

A comparison of the-ratio of' surface area to body weight for
various experimental animals calculated by using Mesh's formula and

Benedict's constants is given in Figure 6*, and it can be seen that this
rat~i.,> f'or PA Coat weighing about 75 lbs. is not significantly different
from that of ran. The relationship is only approximate since the

applicability of the formula to thý5 goat has not been verified experi-
mentally.

were adult goats weighinc, fromo 25 to 1.38 lbs:, and averaging 64 lbs. The

goats were exrxzLined by a votorinarian before qse and ware rojected if

ttnTh aa Yot evine of £istesed on the subeoto to la.

ono~,t to~.icou tho l-r hai oelt itheu go_,itsi~ na I'othed b e~nicant thouerae b
frjjce mcwl Filcn~ £a~a Ut~ek th an RArlil wortý Clippe framovd

..p t'ctr nu ngzik until th Incp -che *iou o- arb-on~t ionch~

Tioygna~ 1- e Q zrc- 'ei, tanra U3 i 11had wub Jiutd to f~e loaeio
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COMPARISON OF BODY WEIGHT
& SURFACE AREA

WEIGHT A REA
(IN L•S) CIN • METES')

I U 'AEIGHT '8

D.A REA

I ~I•75 -- 0.915

K 7 i L -AN

R•#6• ~ -PG O. A
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At the time of remz-val, tf~a aimailý, wore inviediately Qxariiinad by
a veterinarian-. kliy ani-mal which was d~cet' on remiova.l or died within t-en
minutes after removal. waz classified as a fatalitvyý All animals which Were
alive ten Minut-es after -ýomoval wero classiiltec acs suarvivors readl~F of
the severity of their injuries, All so-vort~ly injured survivors were des-
troyed. by electrocution inuiediatoly afte~r the ten minute ob-Fervation perlod.

C. Physiological Observations

Physiological observati ons goats exposed to flame atta~ck were
a necessary adjunct to the instrumental measurements of the environmental

9 ~changes, Due tuo t-he number of dxperiments which had to be carried out, it
was not possible to take detailed observations on all a~nimals. The end re-
auits of an experiment were the number of animals killed (as pr-eviously de-
fincod) or surviv-ing. However1, in a large number of animals the body tempera-
ture, blood oxygen concentration, and blood carbon monoxide -concentration
following exposure to flame a-ttack were measured.

In most cases, rectal temperature was measured immediately after[
removal of the animals from the structure attacked by fl~aei, the instrument
used being an ordinary glass laboratory thermometer. In a few experiments,
rectal temperature was recorded continuously by means of an iron-cons tantarn
thermocouple coupled to a recording galvanomueter. Blood oxygen and blood
carbon monoxide were measured by the method of Soholander and Roughton (13).
Blood hemoglobin was measured photometrically by means of a Xlett-Sunaerson
Photoeleotric colorimeter, and blood r-ethenoglobin was measured spectrophoto-
metrically by means of a Coleman Spectrophotomeltar.

Additional measurements were made in special oases, which will be
described as occasion arises in subsequent papers.j D. Pathology

A representative number of animals -were examin~ed post mortem- for

gross and. microscoopic pathology, The inicropat-hology was interpreted by
Major A. M. Ginzler, MtC., Chief, Patholovy Saction, Madiizal Division,
Army Chemnical Corps,-

~.Sy.theic Rypprimenti

B- rneanai of the tecohniques d~osribod. above, a coaiiderable amouun'ý
c'desoritv ini'cUat4on ralat~i-ve to the eaviironuental --hanges produced, by

flamea attach 'reobtain-ed, a-ad this infonoatlio~a waq corrolated with physio~-

1 oea ce~~~roucd i eperhntle anraals Tho i'nformation did not-

01 CLeU Uopl Oi e3 eplanati on oil t-he relati~va innportai ce Is~ voi-! nllthal
c --c0So~ which occu'.rred- sinmultan";Oueilv t ýa thierefore, doiodto approc.eh

the Dfob;011r71m bLI' -P!1r1'r puoln I -otsto eeach Of t,1h1 ko'~nlethe.l fctw-r Uat fir-t &An
thoi o ~OO~~ hac o chqat 'ons ol .' or frorle, TWIGi -ým ezork .rad

out by t-hc C 11n Q tI Ral :s qch 8,F ct io n, M'!doa -iv' o3 n uu'alr th d-Irecti on
Of C a -2 t a~ Pau nc aut N'C,

RESTR !CTEL-
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F, i'rotection Against Flame Attack

Methods of ptotecting personnel against the effects of flame
attck were Liven serious consideration, not 1nly by the Army and
Division 9, KORC, but also by Division-II, ItDRC. Experirents conducted
at the Army Chemical Center, Maryland, involved studies of the effective-
ness of protective clothing and of heat protective ointments. These
experiments will be described in a subsequent paper.
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Medical D!-L'jsion Specia~l Report No,. 4

TTM TOXICOLOS'Y OF FIREM

RLRT II T Fctors Involvied in injury or De~ath From

Fixpasure to Dir~eut Fleame.

Goats expose~d in the open to the effects of aerial blombs charged. with
thickened gasoline frequently died with~in an hour or tw. 0 hile they usually

sustlained. severe cata~leo-s byurns, these barns were not of a type which. is
knorn to produce such 'ivid death. Examnination of' the casualties rey'ealed
that death was not due to inhalation of toxic gases or a deficiency of oxygen
in thei atmoaphere. ,Vathologý,al examrination revealed, in addition to the
skin burns, damage to the respiratory tract and pulmonary oon-lostion and
edema, which preauzmably resulted from the inhalation of heated air a-ad smokez

Goats exuosed in the- open to burning fuel discharged fromo a f Iane
4-hrower also frequently diled within an hour or twroc They also austainied
severe skin burns, but didi not show damage to the respiratory tract. Therpe
Was, howover, ev-idsnce of cent-ral respiratory failure in some goats and in
others there was an increase in ser-um potassiumf ooncentration to levels
ord-inarilyj conaidered lethal.

It is believed th-at in both ty-pes of expo~sure to direct flaime in theI0o01n,, death wa5 Qaused by hc-at, P_ facotor which Loritz and co-work~ers had
Shov to be 'a sufficiatnt cause or raoid -loeath when animnals were exposed for
longer timoG to tompleratburef3 lower thar. those ;ehich t~xlsted for a. fc-,

seconds in these experiments.

4R
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Medical Division Special Report No. 4

TIM TOXICUE'GY OF FIRE

PART Il Factors Involved in Injury or: Death From
Exposure to Direct Flame.

I. HISTORICAL

It was indicated in the first part of this paper that several factors
may be involved in causing injury or death to the occupants of enclosed forti-

fications subjected to attack by flame throwers. These are chieflyheat,
carbon monoxide, lack of oxygen, carbon dioxide, hydlrocarbon vapors and pos-
sibly other toxic gases. On a priori grounds it would be expected that the
toxic gases would be most effective in poorly ventilated fortifications and

less effective as the degree of ventilation of the fortification was increased.
The extreme case of good ventilation would be flame attack of personnel in the

open0  Similarly, one might expect heat totbe most important as a casualty

factor under cases of maximum ventilation0

As a part of investigations sponsored by Division 9, National Defense

Research Cooittee, Moritz, Henriques, and co-workers undertook an experi-
mental investigation of the effects of heat, uncomplicated by toxic gases in

the production of casualties and death (1,2,3,4,5,6,7,8). These studies
have done much to increase our knowledge of the genesis and mechanism of

heat injury. That part of tha Moritz and Henriques experiments which bears

most closely on injury by fire involved the cutaneous exposure of pigs to

ciroumambient (air) and oircumradiant heat in an oven (4) and the respira-
tory exposure of dogs to hot air and steamn (8).

Moritz and Henriques studiad the effect on pigs of exoosure for varying
lengths of time to air temperatures ranging raom 70 0 C. to 5500C. In the

extrGmes, exposuros of the order of I, minutes to an air temperature of 800C.

or of the order of 30 seconds to air temperatures greater than 5000C. wore

capable of causing acute hyperthermic death. During exposure the animals

breathed air at room temperature0  The mechanisms involved in the production

of death at the loner and higher temperature extremes, hcmever, wore sooewhat

different. In the long exposures at low temperatures there was little or no

cutaneous burning and death appeared to result from peripheral vaacu±nr Gui..

lapse _ith attendant progressive hypoten.ion. In the ea.se of brief exposure

to high air temperatures, there was alwgays severe general cutaneous burn~hg

with circulatory failure of central rather than peripheral originr The cause

of the central civ-Aul&atory failure was traced to the rapid liberation of po-

tassium from ory¥tbrooytea in the heated cutaneous and subcutaneous tisauesu

-wit.h consequenit daaagiing offect of" t.he liberated potassium on the heart (4,

In thhe k-bove experiments the hea t w.s apPlied to) th otlkin cud not to

the t'et-ý.iratory tract. In another ner.uof 4 p~r],C•emtP• thn PFeti.
teat on "the i'•.5~irabor~y tract, t• unOcmpliCatOLL dir O'.kiwouu oJclure to heat,

.121. YT I,1 CT T
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heated air, or flm.re or-, steeqm. if breathed ii. the nomnal fashion, the result
was a severe pharyngeal edema which resulted in Qbstruction of the respiratory

Spassages (and hence asphyxia)'withi'r a n hour.- In these cases, however, heat
damage tc the lunga was not evident. W1en the heiatid atmosphere was deliver-

ed by. means of an insulated trans-oral cannula, unto-the trachea below the,
larynx, the following effects were noted: (a) Moderate to severe tracheitie
"without deep pulmonary injury when hot dry air or flaen was breathed; and (b)
tracheitis and mild to severe thermal inJury- of the luns 'when steam was
breoathed. The difference in the effect of -hot air Riýd Ste& was attributed
to the fact that dry air has little heat capacity. tud gave up its heat be..
fore rmaching the lungs, whereas steam has tiore heat to gi.e up and lost

heat more slowly, so that enough heat could be delivered to the lung to
cause thermal injury0

These experiments showed definitely how heat, uncomplicated by the
effect of inhalation of a toxic atmosphere, could be a cause of death or
severe injury in the circuamstances attending- flame attack.

On the battlefield, men were being subjected to flame attack in the
open and in many cases were being severely injured (or killed) as a result.
Two very practical problems arose thereby. Eow could the destructive

power of flame attack be minimized by the adoption or utilization of pro-
tective devices? How should injuries sustained as a result of flame attack
be treated, i.e., as heat injury, injury fromi toxic gases, or both?

Thi experiments of Moritz, Henriques, et al., while very important,
did not completely answer these questions because: (a) Moritz's extreme air
temperature was about one-half that of flame temperature; and (b) the possi-
bility of injury from inhalation of toxic products of combustion could not
be arbitrarily excluded, even in the case of personnel attacked by flame in
the open. It could not be concluded with certainty, therefore, that the
mechanisms of heat death revealed by Moritz's experiments would be those re-
sponsible for killing or injuring personnel attacked by flame - even in the
open.

The following experiments were carried out therefore to study the
eff.ct of flame attack in the open on goats, and to evaluate the toxic
factors thereof. The justification for these rather drastic experimerts
was oimply that the informati on•n g... r15ht save the lives of Allied

soldierr, and that such information could be gained in no other catlible
wayL.

II EXPER D-NTLIh

A. !Laterials and itathods

The experiments dealing with the effec.tb of flange in the open fell
into ttm-o broad cate-or ies• (a) Those in which th) flari.e ras dalivored o-to
t _e e `e rs means oýf ertal fire boebs charged ,i,,th thickened gasolino;
and (b) those in which the flame was delivered onto the t.rgt. by insane of I

S1 Ta•e I.hro-;;err Both of tJ,7sc we.,apons were being need on the batt•lol d

rhe tire bombs were dropped onbo a -argc, rc n rC , aircraft, and
. ..... .0 oil the round and ij.



RE STRI C CD 1U

explained in Part i of this paper the goats were clipped so ar to leave a
uniform amount of hair, corresponding roughly to the amount of protection
afforded a.inan by a suit of cotton coveralls..

The target area was entered. within 30 to 90 seconds after the bomb
detonated, and blood samples were taken on selected dead or prostrate ani-
mals for determination of oxygen and carbon monoxide content and oxygen oa-pacity and occasionally for other analysea. A1 survivors ivere examined

irediately by a veterinarian, and if injured, were painlessly destroyed
on the spot. Selected goats were examined for gross and micropathoiogyo

In the second group of experiments, a single goat was tethered in
a location adJaoent to a 1/8 inch iron pipe, placed upright and with the
open end 3 feet 8 inches from the ground. This pipe was supported by a
larger one to which a chromel-almnel thermocouple was attached0  Tho thermo-
couple was shielded from possible direct impingement of burning fuel by a
small piece of transite. Gas sampling and analysts, and recording of air
temperature were done by the methods described previously (Part I of this
paper).

The goats used were healthy adult clipped animals as dosoribed
elsewhere.

An initial blood sample of 10 ml. was drawn from the jugular vein,
and the rectal temperature was taken by means of an ordinary laboratory thor-
mometer inserted about two inohcs0  In most experiments, electrocardiographic
leads of the non-polarizable, plate type supplied withl the Sanborn Cardiette
were taped to each foreleg and the left hindleg about two-thirds of the dis-
tanoe from the hoof to the axilla or groin. Ordinary electrode paste was
used and the skin was not shavedý Initial electrocardiograms were taken
prior to the fl5me attack.

In some experiments a cardiac thermistor, mounted at the end of a
piece of rubber tubing 18 inches long and the size of a No. 5 French catheter
was passed through a 12 gauge needle inserted into the right jugular vein
until the thermistor was at the junction of the venae cavae. Previous
trials under fluoroscopic observation guided the placement of the thermistor.
On occasion, the respiration rate was measured by means of a carbon pile
pnenmnarRanh, which was placed about one-third the distance from the sternum
to the vertaebra at the level of the xiphiLternun° The 3,rrbc-n pile unit was
held firmly azainst the ribs by r'oaur of a strap pvissing around the thorax0

The electrodes.e Vtihrmitor loads and pneu-cgraph were insulated r-a

heat by heavy paddings of ,5Jbergtas, !ool and cloth held close to the body
sul-face.

The duration of expodauur to flvmr was e'Q thf order of five seconds,
after Whioh time the ro.tt; wer-e doad or uuconsciou"• Survivors xrsre under
"tbhe oonstant obtervation M' a veterinerie.n and a physic.an aad' land pain.less!y
desitroyed if t"..h..y ahuvxe.. any sigiv of' disoo- for or return to
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Blood, ze_)uolerý taiker, M-fter. expo~jure -7eýrn used. for thldmioieo
* of2 serum potassiur a rid sodixný by me~ano of tuh~o iFlame Photo~ractT-, p~msna pro-

teinis by t~he: fLýliing dirop tetchnique, and. blood pi4nen't's a~nd ýajes by- standard
a~ayti~l aetods Th hsa~ic~iP' esivat~drou"11Jpr by USin,-, a Centr.i-

fuge to p~ok the calls of' the heparimnized blood.

Id -&taly after '.he d~hof ta~ch subject, thn ahest w cs pened,
a nnd blood wa withdrev-.w fro~m each euricle. Tha lunigs were renraoved, -1rained

- oarefully r, blow', And we~ra weighed. The blood, water, and ach contents of
the I ung-s -'e, a easured uu~smquTently in ieachl animal. A groge aut~opsy waa
perf'ormed, and tissui-e spacimens were taken, for rnucropat~hological 6x&-finat_1cn.

B. Results

1. Fire Bomb Experirnenta

?ire borabs of' the tjne used in these experime6nts scatter ohunks
* of. burning thiiclkened. gasoline ovmr a rouglhly elliptical area of ground. For

a fe-r seccr~ds following detonttion, there exists in the vicinlity of the bomb,
*a -large cloud of' blarning va-Dar whichK has been eap~tly, destarlbed as a fireball.

Afttr the fireball hets dissipated the chinnks of fuel. iburn on tho ground for
s t-v sr,_4 ri nu t #-ee os ouitzide the area of burning fuel1 wnre not injured.

* Animral.s inside the arga of buirnin&~ fuel were limble_ to two sorts of injury:
(a): Regdi-tion b~urns frora the fireboall; and (b) actual physical contact wi-th

* piecea of burning thiclkenad gasoline.

Following the detonation ýof a fire bomb, the goats were reachod.
within 30-90 seconds by observers who extinEguished any fuel in contact with
the animals. rhi3.e skcin contaot with burning fuel produced aovere local burns
as might be expected, these were of' the type which usua~lly does not result in

i~ndiae o e~n rp~. deth. Yet 3411 of' the goats on the surface of the
* ground and 27, ofth goats in slit trenches were dead within 10 minutes aftier

detonation of the bomab, and 46% of those on the surface and 33% of those in
* trenches were prostrate and unoonscious. It appears likely, thnre~fore,
* that death or slevere injury was asso~ciated primarily with the cloud of. burn-

in-, vapor or fireball.

The oxygen and oi~rhon nonoxide content of' thie blood of goats who
* wcrc n1ii-r but. u~ncocrpi nus PClo-.-'nr the bo-ab burs' af o given -in Tabla I. It

is en~ot fr:ý t'e da ta of Table I that carbon monoxidle wag not a_ sufi~iuient
ca~usa of death Iine th rterial blood levels are wc"l! below_ thos ordinarily
con~siderf-'i lethal.. The lo-; )xywcrn satu-ration r,,v-y be associated rrith the slo-r.

andgapig ypeof r~i~ton of' the &nrinal s and do~o not nacegsar.l'y rdil-
* CF-te tn:the, r5te an atmosphere 8trifli ngly a~fcetin Y~,*_n~

crde aur f air tenintulres attainied wias mmadc by scat-

teA'irL tereaur ndi^Patiri.P neiletsz over the targe., aren, V Shes naelts
ne-v4r in' o 4od le-crtu a[o- 0 0 P~ but muhhicher ai r tNemoe ceR

a ",1 Cu bie~l cx i t i for two o r th-r-j seconds, and the tizne la g, for miciting

of the U~l~~~~o e taker, intoC, bacco)u1n.

~'T~~oile~es 3!o lop C o-; Ne YOrl-,, ',Y-



Triaet t• I oe; r'+t . rQ Svituratlon O2 Capacity

7 77.2 8.14 11.9

10 811.2 10.4 1.0o

jL 4.7? 7.0 14.0

11 44.8 211.
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f)res mi stAiretm-e io pathologioal studies were made of 14 toao .
,+i ndini +n fh. ilditidual aninals are listed In Table Ml-

Ihe agtft• ent findings wer %mainly ootltned to the respiratrbw)
systemes ad tosaed a characteristic patteori althoq there was oonsidersblo e
ý ation fram one. anisal Io another. Larly,04eal *do" was present to saMe extoub
A.m tit %upt ot tk•.• tourtse* a6&ts. In. six animals the ededa of the 1.j-1"AM
Pal Muoosa pro&woedi eaplate or *lpost @omple~t occlusilon of the larynx# aM4 +
fin toUr more there was partial ooclus•on. All of tL, goats showed sllijhb to +
k ansidoribiq r1ddentnr *t the nuoous mbrane of the trachea and main broohbi$
Wbt In only one insteae did an exudative pseudomumbrane develop. Several pr,.
oentq. a de#esit at oarbbn that lined the traohea and extended throubh the bron--

lablat troee but ths wat neh a consistent flnciftg In ialmost all 01ases threft
+was ,t liifi, * slig;ht aau of' ýctk odema fluid in the bron*h l,1er
ýtr,*tea s n sme g nstqmn Cq-,, a. ei'rable -4aA fluid poured from the, bronohL,
and fTilled the trachea with foamy fluid.

The lungft -.ite.1 k gocir..-! inoieave in site and weight, halt oat
the group showing a deoi.•e• increase in tho lungs Body weight ratio beyond
the normal range of 0.o, to l.z%. This was associated with congestion of the
'lungs vraying trom pa.4aby-involvement, chiefly of the lower lobes, to almost,
diftuse involvement of all lobtes and a similarly variable degree of pulaonay+
edema. In sonm animals the ou+. surfaces of the lungs were considerably con-
gested but presented only a slight or moderate amount of edema fluid on pres-
suire, while in others a considerable amount or edema fluid exuded freely from
;0%•- -14eotions anad filled the bronchi and trachea. -Microscopically, the lungs
shaid prominent hyperemia of the interalveolar septal capillaries, and con-

+o•+ , o the small blood vessels. Rde.m or the +.•rgs varied from the occur'

ren,' of an occasional patch in sections of some animals to diffuse Involvemeat
of almost m1i alveoli in sections of ithers. Where more advanced, it was
usually accompanied by some degree of perivascular a.nneotive tissue edema and
ly!8mpathio dilatation. Ateleotasis wam not a sipifioan=t gross feature of the

"RESTRICTED
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RE STR ICTED

pulmtonry~i pathology, but areas of' partial atelectasie were -not an unconinon
finding irscnYv Their occurrence apretared to be -related to a
stage" of dist-inct capillary hylperemia anad earlyr tranoudation of fluid into
the alveoli, and they were genera'lly absen-t in sections of1 areas of more an-
vanaced edem-ia. The appearance of the bronchil was- not cuggestive of broncho-
constriction. althou~gh the3 bronchi, somotinies contained colleotidons of desqua-
mated ep)ithelie3. ce-lls which, posaibly toge,,,ther w-ith somie iJnf'laxnmabory exu-
*date,; may hýave oontvribuýted to partial obntruction of o-uch bronchi,~ En)i thel-
:al desqu-_xatiuL, occurred hifl in the trac.hpic mknd masin bronch½, and litt:.ie
or not, at all in the omailer bronchi0  Actual epithelial nec;rosis was not-
o bsnrved. Occasionally1 rranules of carbon pivnIent were observed a~s ffarl
diztcally as the. respiratory bronc-hioles and atria0 11o systematic 1-Ustlolo.-_
icý study was made of the other organs sincei ther& was no gross e~Cv cien of
pmthology0

2c Flame Thrower Sxperim.ionts

&a0 Ch-anges In the atmosphere3

The repults of fifteen trials in which air tenperalture6,
oxygen, carbon iaonoxide, carbon dioxide3 and 'hydroc arbor, conoe~ntrfltions were
measured continuously- are shown in Tdble lITI T-wo values are recorded for
each variable: Thn pceak or extreme chango; and. t~he Ct or Tt oroduct, wrhilch
is the integral of' the cur-ve of gas conceýntrationi, C, (or aiýr tompermtu.reT
versus time, to The integration, of thie curves was done machanically by

moa~ ofh planimeter, andi was ca~rried out from t-O at the t~ne of firing
to the time when the atmospheric condition had returned to essentiAElly nor-
mal limits (usually five mainutes or less), In the case of oxygen, which
docreased in concentration as a result of the conflagration, the results
are erpressed in terms of 4 Ct wrhere A6 C is the change in oxygen concentra-
tion expressed as a positive numbero Thus, thte greatc3r A Ct, the greetter
the oxygen deficit over th.5 given period of time,

The St values were calculat-ed toa give som-e Index of the
dosqage of a given inhaled gas, for C (7os016/100 voiLmes) timeOs t (nlinates)
taiacs respiration rate,; R. (volumes, for minuteý) 4 ha-s the- aimniensions of quan-
tity of gas0  if rviaonreate is a:ssumed to br, constrant fromt oue animalf
and experinrsunt to tan-rother ove3r the ineriAod in w-vrnch the gts id ruOrd t
should beý pron-ortil.or~al to t~he dose o th11.e Inh a I a. Wieth ktfO
tions mwy 'not bke and probably are not astrictly Ju stified. CSt w as a,, clIo s an
appruoac to a osago q-j,.antkity as wats pract ical0  It uniya tfroy

gu rprsetigAs itý dors-s a de~ficiency of an essential stmn)spier ic ;Ooi-
stiti~enu rr-ther t'aa.n the presence of a noxious cons~tituent, may Still be5

cons ~ ~ ~ ~ ~ L !ora. -0 as ferstn a d-aI f inj~u.d ctts uniy
Tt b, u 0a'ne rzý- Scuing- may as dmgie DO a iccag ofC~ hen though tChe

ht. ob alc, 4 v ra~~ uO surfm ---I vf thn ti an.d r& atieM 1 - U tl
,viv'rue of- snhl

T-I 1,i'mj tvII r h fl F, ML 1¾. t frs>

tO'. S Vi a I1 s. Ih,.t (mrrF PF D P 9 ? D 0

11, DF r t ' F I3&ar Jpnyc DV'30>wr
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T.1 these trials, ill *'KI-tch flamle alpparerntly s~c- h
ling point,~ ý-Ihre 7wrs al.-c t. rak nt1 Of QxYgel Lnj 0&orboLi rwnoxi.de
was Present in coonctnLati-ons -virjoh c~ as high as 9~~(DF 9). Tnb~u~n-
el hydocarbon-- werco also preýc-~it fo,7ai' thlou-ý ýjn bilutlcn -ýirs ta-king placoe in
the ope air;- The zoncfratratio-n of tho -7r.Houz r6urnd 'to Lorm-LU

lee~,horsever, alpaost- Lmeal,'a-teWaf +iio ~ ha h rt
valuen were low,

All Coats exposod to Ci~ 2owe ,drti~nahed rezronse to
*vain and~ appeareci to be urvaware of wh at wa5 happening arourad N C Tone

was cn'-ulsant, but all but One waire prostriato. Reflexes w~err di m nI rd 51
terminally, but were normal other~i-se~

a ~ResoIration varied fromaai~~ to animal and-- from. time to

time with each goat (TabIe IV)ý The =Eit common typ-e of breat'hing was
labortid,, slow, and noisy, of variable depth, and subsidied gradlually into a
ser13S ofa Slow gasose Every goat. had r. thick tenuous nasal discharge.
wrhiolh did not seem to interfere Sroatily with rospiration. MAost eniina~l
OAlSO Salivated exoes5i7ClYD

Tho est~atd extent of the body surface whi ch 'was
tseivereily burnad 7&iedl from, a to 100%. This ainour't of buvning
goner&lly irs ratal in humnar beings.

The rinotzJl te-mperature ofL Cho goats often did not rise a~t
all and nevtr exceeded 120C. (Ta~ble IV)., The oftdiac te--Dpý,Yfturas Wt~rlf
h,-ghar than the. reottl by 2ýl to 4,0. and iuk somo wnrs abov;L thi leva
of hyltie~therr-iia fouoal to'be ratal in pig-s by M~oritz and lai a ýroup (7).

The 11eart rate always ioraf,. *du~i-i exposure to flathe, and
rem~inod higoh for a va-riable lenijtl o" ti--e iisi to0! th:! animals *which
di, d soon tftur srpow.urle shuwed alorcrd~si~ chAnnges upuftlly &8s4o-
oiated with eardiacso ir~e., term.inal. br'adycardia, conduLction dfee-ts

of v~rictua typqs , -,oýtoplc ruci.,k and Va.-Risicý arrythnir-ta (Figs3. la 4nd 1b)
_,e oat (Fig. 2) had a sIO.T vc-ntrioular f~iýLlllation described as ocourring

I 1 Trot ýfs 1um i tntl iati o.on (7) This ;vnnma I a Lo hed 1-ig P-" lelv s of bl ood
r~ot5SL~ ('abl.u VXC)

T'he blod-d carbon rioidt dd not riae -to da-ngercu8 levals
in ~ny OP, 5 goat iiuýod to dirulct flm.(nl~O~ vihcyna nn~r6Aneýý id

(;'jbp VJ) of fu~-L~fe ni-' cent aat-uratio~n, an-,1h rs-ý

the~ a:~ ~~~fV~ j~cc 'o4 t yr7 l-1r t'-,4 low o2je!s&tiarntions

tiha -a 1e sc~ `~.~1 ar -e-r at i~ b a~ bfor e
dc;~~5 i 5ic rp` or~tin 06,-Isd in oaiJsbr 2ec

nctinc cKl i5Q'bW -ttoa i1 .c f'h t rIt tY-u)O0
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TABLE IV

Changes in Physiological •oasursents During Exposure to Flame

Trial or Bo . .rt ae Respiration

Goat No. Seoe 403-aF ao (Change in beat (Change in rate
-prmin.) permin•

DF 16 Mo

DF 17

DF 18 }0.8

DF 19 -0.1 +65 -

DF 21 0 +30 -90

DF 22 0 +90 -57

DF 2Z -0.1 +25 +7

DF 24 +1I2

DF 25 +1.-
1+00 ÷C0, -+ 4

_ D? 27 -0.3 +4.0 +15 -

DI 28 +3.9 +92 -27

DF 29 -1.0 +60 1-178, -58

DF 30 410.9 +63 +32,1

14 F 1 -285

Dm' 32 42,]. ,÷i .2.-

D .33

-?DF ;5 ;i-3 -48

'...• --• - " " " ---..-.. ,-. --.; - .... 7 ,,---- . . . .. . ..-.- '--=.- ---.----------.-.
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- ~The trm otsu concentration was always alevtted.
il-fter, exposure to fae (Ta-lo Vx! The average initial. vaslus ifor serumL-

I ptaziu ws 17:13 ni 0/00nl and thle range 12C5 to "13.7 n&g./l'00 m1.
*(blood drawrn from the Jugular veain), Blood sam-ples after dcath were

taken as quickly as possible by opeonin the nhest wall and withdrawing
deeod fr~om eac~h auriolnc Whilec sometimes in rood agreement, the sarnies
from the two auricles shoved at otherý timnes marked differences in the
concentration of serum po~tassium as well as other b"lood constituensyts0

I No ex-Fnlant-ion for 'this difi'>Arenuu - ep;arent

Only four goaFts (OF 25i 28, 30, and 31) had final serum
po0t asi l 1mIe vels1 above 50 mg-/l001 ml. , the level uesually considered to

belehl

beforve e-ýmposuro, The fin4l sanioles (Tablo Vf) v ried from 3SQ to 285

lower than the initial,

The amount of hemog-lobin in the seio:nm (ite~, from hemol'-
Iss i not parallel tho pota-ssiut170 altho~ugh iL viatied t~dely, and

was generally higher in the left auricle than in the right. The amnountI of hiemoglobin in whole blood b~efore and aftoer eipoburta to Clar.ij is ahonan
in 'fable VIT, Thre concentration of hemroglo0bin increased after exposure,
the inorease varying fromn about on,-e to fift-y per cent.

A roug-h h~matoocit dotorminatton was made in sacie cxnerai-
mi-ont s The results ('Table *JIIT) -howed wido vrarlc ons after Lexposure to
f lame; and1 Door corrlAntion with chianges tn the cnetati on of hemoglobin0,
Thei varicit."on in. riassa protein concentration* bef~oro and after ewour an

'be seemfo thle data of Table Vic The, changes were niut anirarked, nnri
was n oo c-,rr r-,Ia 'Ucn b et+wvcýon theG o-)n centftran.1, ciuo o f I-l1)ma roins d han o
globin or the heaortafterý exposure, to fee

Gros athlo ica xamination, of _15 g-o-as 'dying frontL ox-
Cur L ict fl1 5 shC.-ieod o1)viou bur-ning to the s'apetfioi al liAycrs of

the rikin and riucCSa0  ¶Tha larynx was slighltly edemntIous ill a. fo go-ats1
animaclstiý5ý apa c 3u- to,; hec .io a1 ý,- r(:,- The 'lungs- of a nau.mberý o'f the

ani 4alS a~n- -ý,hyrneretJc. to a va-ri ablea degzr eu zio t 11 1 a-L 4
oyanotrQ Thorn wasý, no croris o,'wm it or hemorrhag-e

li~roatolgywas oonit)ý:,ne ý1aU6 al otentirely" to tus'a
hi''a 4tU' oh a" rJ2 lg--s T'fo cer- v oagu

j. at,-d `rolAA,ýh ou30 t -.jr ","l"",t~ o-LIy nn-ý ijjln. (frum coiatj
DR 2 ) sncho-,e a ucrorn of tlic nl:irp thiora o n-3~' of the U'rr'j FKc ljrtiof

TLi d thmoA7 r- Ite b yc'-" i d h o c, ri~04'11f

in tr,: OrtL'-:d 01. a 'I ot (- Conzr-ol oa"c~S ~l~ o Uc i-n o'hal 0
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TABLE V11

Hemeg1in d ie~tociti~Gnt Exposed to Ftane

mwor W-1m -F, __b_3. U -_a__I ffenatocrit (rough 3
GoaPPt 1U4c. ITaltinl FTnal anta 3ia

L Rt.
.8,ur, -a~. - Aur. Aar.

IX' Of 7, 7 ZLL 1W.88 I I. 10

* OF 17 9,24 1 3 1~

DF 19 9.75 113.20 12.38

OF2.11.27 i ý .6t 5 1',10A

OF 22 10Z4 z L.3 12T00, 61

OF 23 20.35 11.7 12.35 45 50

OF 25 7,20 7. 86 7.42 60 0 40

DF ZE 6S 69 .01 13.93 40 60 60

DF 27 8.1 8.Ii8a4 9.72 415 404

DF Z28 7 .-15 7½ 104 i..59 25 30 35

DF± 29 9127 a.,2"'0 9.I410

0? 30 D.218 8.79- 11,80 40 400

DF 31 8.3 9.00 9.K) 3 5 40 45

DF 32 J..90 10Av0V 10.A2

D? 3$3 341.3 12 t6

ukz U.,6 b 1,2 .0 1?O 40 5 5 5

0? 3 ,5 11.04 10s/C)

'MCZ 3;Mr11E
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* Ill. DISCUSSION

-A rev7iew of' the results of -the 'xet nsdscie bvb th ih

the aerial bomb charged with thickened gasolin-e ad th& flame thrower, -re-.
veals both similarities and differences.-0 There was'u not, in either se9t of
experiments, eviderke-that toxic gases 'or atospheriodahofa pla d hysg~
nificant part in producing oasualties or .-death0  ,in-both sets,. there was 6
evidence that intense heat was thej predomin~ant lelhlrtl-Caotorpresent. i. -

The effects of exposure to flame from- the.aerial. bomb: were somewhat
differenft, hom ever, from the effects of exposure to flame from'the :flame
thrower. The only explanation for-these differences would appear to be-
in the different physical characteristics of the respective" fuels or in
their state of dispersion during combustion, since their chemical composi-
tion did not differ in any material degree.

Goats dying from exposure to the effects of the fire bomb, showed
consistent pathology of the respiratory tract,' uch as laryngeal edema,
tracheitis, and pulmonary congestion and edema. Goats killed by exposure
to flame from the flame thrower, on the other hand, showed no respiratory
+.rnr:t pathology in 14 of lb goats examined. In both sets of expertments
the pathologists expressed the opinion that the immediate cause of death

* • was not roadily apparent from the anatomical lesions found on gross and
*. mioropathological examination.

The lesigns of the respiratory tract found in the first set or ex-
periments could have been caused only by the inhalation of a heated atmos-
phere. It will be recalled that there existed for a few seconds after the
burst of the fire bomb a "fireball" which was apparently composed of burn-
ing hydrocarbon vaporc In sorme animals there was a deposit of carbon
which lined the traohea and extended through the bronchial tree. This
would indicate merely the inhalation of smoke, but it is not unreasonable
to assume that the smoke was very hot.

In the flame thrower experiments, there was-no significant involve-
ment of the respiratory tract 0  It should not be inferred, however, that
this difference would always exist between the effects of fire bombs and
flame throwers, since it appears to depend on physical phenomena which
might well vary imder slightly different conditions of exposure. In
fact, Canadian investigators have reported finding pulmonary edema in
goats subjected to flame attack in the open by flame throwers (9,10).

Physiological etudies were not prac.ticabl.o in the fire bomb experi-I
ments, but obser-vations of various so.'1> were made on goats exposed to the
flame th-,o=wcr• Those observations were consistent vdth the hypothesic
that heat w,.as the sole im_.1porbant lethal factor in doatha resulting from
direct exposure for a fe- feconds to flatie The to pr'incipal effects
of hoat which must be considered are: (a) Tocval cutaneous burns; and
(b) general increase In body tamperaturei

12 Ili•ST U TIV'L;
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Morit, and his group described two nechanisms of death in "ig ex-
posed to heat (7). When the animals were heated slowlyt death oocurred
as a result of peripheral vascular collapse with attendant prograssive hy-
potension. in brief exposures to high air temperatures, thera was cirou-
latory failure of central rather than peripheral origin. The cause of

- 'the -centtal circulatory failure-was attributed to the rapid release of-
potassium fro erythrocytes in hoated cutaneous 'and the zubcutanreous
tissues and the consequent damaging effeot of the potassiuim on the heart.

The goats exposed to the flame throwcr did not fall ol- rly i. " t
either ciass. The heart action in some animals -stopped beCote or at
about the same time as the respirations. Two of the -&oats in tbiis gcuoup
had serum potassium values above the. presumed lethal. level and ona (DF 28)
an electrocardiogram (Fig. 2) whidch showed ventrnculax fibrillation that
might have been caused by the hyperpotassernia, In other goats, the res-
pirations ceased well in advance of the last heart beat &nA all of the
electrocardiograms were, in the terminal phase, of the anoxic type0
Only one goat of thin group had a high erurm potassium valu0.

It would appear from these data that in some cases at least, the
liberation of potassium into the blood strea is an important machaniam
in death from exposure to flame. It is not, however, theonly machanism
since most of the goats ahich were killed by flame did not show a £inrl
serum potassium concentration at or above the lethal level, and sinee
respiratory arrest preceded cardiac arrest.

The data on the goats do not allow an accurate evaluation of the
role of peripheral vascular collapse. The presence of shook, however,
was indicated by the hemoconcentr:tion (Table VIl) which wac observed
with fair regularity.

Thus, while no definite statement can be made as to the exact
cause of death in animals exposed to the effects of flame in the open,
it appears from the data on hand that heat per se is the primary lethal
factor, that respiratory involvement may or may not be present depending
t the particular conditions of the conflagration, but that respiratory

involvement is not a necessary accompaniment of fatal exposure0

One can, therefora, generalize that long (15 minute) exposure to
an air temper ahtro of 8 O0vC can kili 1y cau-sing acute peripheral va•Utv'
Slar collapse (khr:rtt1 at al4 )3 zhort exposures (30 seconds) to tempere,-
tuneS Of 5Ko00. can kill by causing a rapid reease of' potal' sJ!ui i'to
the blood st•r-a (Moritz at al, and, that exposures on tha order of
5 seconds to te•,craturcs approximating that of fVla -vcase eXpert-
men-ts) can kill by sevcral mechan.t.ns whic, incl!ude hyp-yt-potas.a•eTr.
himertherrcAr,ý and shock-

PU2-.1kl0i LD
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THE TOXICOLOGY CF P& M

PART MI, The Creation of Toxic Atmospheres by Fire

SgIOAARY

Expcriments in which flame tluhowers charged with petrolesu fuel
were fired into a poorly ventilated structure (a Japanese-type bunker)
are described. In portions of the structure where burning fuel did
not penetrate, the oxygen concentration of the atmosphere was temporar-
ily reduced to levels as low as zero, carbon monoxide reached as high
as 3*5%r, carbon dioxide was !hgh as 10%, ocrbustible hydrocarbons as
high as lU%5, and air temperature as high as 375 0C.

Goats exposed to these alterations in the atmosphere frequently
died, and there was a fair correlation between the animal mortality
and the severity of the chatnges in the atmosphere as measured by the
integrals of Uhe gas concentration:time curves and air temperature:
time curves.

Physiological examinrtion of selected goats dying from exposure
to flame attack in the bunker revealed in the majority of cases the
presence of enough carbon monoxide in the blood to be considered lethal1

There was also a deficiency of blood oxygen, a rise in rectal tempera-
tvire, and hemoconcentration. Pathological examination revealed pul-
monary edemaa in many of the goats= The significance of these ohanges
18 discussed.

It is rointod out that in conflagrations encountered in civi!lan
life similar ate:.ospheric conditions may prevail,

S.. . . . ~-- --. . . . - - " -' - + - "-- . . . - " - - -: -' - . . . . . : : • " -+' -+' "
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TiE. TOXIOCLOTY OF FIRE

PART ilio The Creation of Toxic Atmospheres by Fire

BI o H! m O£1CAI2

Part I of this paper pointed out the oractioal importance of flame
warfare in Iorld Iar IL and the desirability, froi the military point of
view, of gaining moce inmorm.ation as to the meohanisms, other than con-
tact with burning fuel, by which flame produced casualties or killed.

cations such as dugouts and bunkers, and it wa& noted in both the European

and Pacific Theaters that the occupants of fortifications subjected to
flame attack were sometimes killed without visible evidence of being
burned.

These observations led to the hypotheE4i that flame might kill or
producoe casualties by virtue of heat (radiant and cir-.ummbient) or by

the creation of a toxic atmosphere, i.e., one deficient in oxggen and
containing toxic constituents such aw carbon monoxide, Carbon dioxide,
hot particulate matter, steam, and possibly irritant gazso resulting
from the partial decomposition of petroleum fuel.

The relative importance of these lethal or casualty faotore could
not be assessed on a priori grounds or investigated on the field of
battle, so a program of experimental investigation was set up as des-
cribed in FartL I of this papere It was felt that heat BInould be the

decisive Casuslty-producing factor under conditions of good vontilatirn
such as flame attack in the open, where there would be little opportunity
for the accumulation of toxic gases or a deficiency of oxygen; Part IT

of this paper describea experiments whtch established the correctness of
this aSUMDtiOf0a The presont paper describes experiments which show
that a toxic atmzosphere can be cvcated by fire burning under conditions
of poor ventilation and that injury or death may result from expos-ure to
suohn &JanoDsheroEfs

11Ž &tPSEF'i X FNV AL

A, Materials and Yathods

The expCzit ants to be dUGc1ibed were citrried out by firing a
I1&ne 1hrosierz at F. Jar.p .. ný e-t•.o, O6 bunk er s O that burning fuel erIer-d

the bu-ker tiough one of its embtrnsures; Th bunk-er b- b .... y
heluw gr n -d P ... ns , -• rorTf•imbte].v one foot m-boxVe

irf arrl%'rt ()T T"' oa -- OT I In
-o 6 9;,iaatcl_ 3Ie rtaniiz led into tk-he3

burn'--•° throf'l< p sag,: The ,ou-.io of' 1he bunkEr wa- 3400
r rz cd s rnoQo v '-c Ite t otd a C t rtC,

U.. .4) • •.lD '., O ]} •• " ' CY " " 31
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The interior o.L ýthe bunker wasg-vde ino thee compartments by

zeazs fo beII es bt the cqmpaftmerntsý were not closedý off f'rom one emother
by tioora ~ Buirninrfuel -fired. into one aompartmen twas retained in that
oom'partment by the baffles,. buit -flame eand smxoka pen~etraeted to the other
o.ompextments.. Reasons' of military security'.have prohibi~ted theý rproduic'-
tion of' a drawing of t-his ukr an it is, therefore, impossible-to
visualize the experimental setup exactly. However, the flame tlhror
was-fired- into the central comapartment of' the bunker.` Goats- and sampling
equipment were placed in each of' the adjac-ent0 c-ompartments'at positions
whch -may 'be lbld-,Po'sition 1 and Position B~Goats in these posiý-
tions usually, did no~t sTustain severe e'kin burns when the flame thrower.

asiredit he- central compartment of' the-- bunke'r-

The goats at' Positions 1 and 8 were tethered adjacent to sampling
points which, consisted of -a thermocouple for measuring air temperature-
and a pipe line for drawing off samples of' air for analysis. As des-
c.ribed in Part I of this paper, continuous records could be obtained of
the air temperature, and of the concentration of oxygen, carbon monoxide,

*carbon dioxide, and combustible hydrocarbons, before, during, and after
* ~a shoot*, ~In a few experiments, where small quantities of' fuel were used,

goats were exposed at Position 5, a location closer to the embrasure at

which the flame thirower was aimaed than were Positions I and 8. No Meas-,ii* urements were made of' air temperature or gas concentrations at Position 5.
TLwo fuels 'were used in these studies. Both were composed of petro-

leuia hydrocarbons, but-differed in viscosity. For purposes of descrip-

tio, te oe fe2.wil b ch~aceriedas ~'thick" and the other as "thin"
fuel. Varying deg1rees of' change in the atmosphere of the bunker were
produced by varying the amounts of each of these fuels fired into the

The p~rocedure followd in each trial was to place- the goats in the
desired positions, start the sampling apparatus, &nd fire- the flame
thrower.

Jks soon as -thie analy-tical instru-ments indica&t ed; t !,a t t h f a t-ao Sp her e
wans again 6ssentially normal, usually about five- minutes &ft;5r -firing, an
exhaust fan was mocved into the rear doorway and the residual smoke was.
qluickly exha-usted- The banker was t-hsr entereci and th-e animal., ruw4vu-_!
Those dead on remocval or dyinr, withia -ten. minutes after re=ovcJ were arbi-
tra-rily oclsisified as having beer. killIed by the exposure= Those surviv-
i n 4-ei.,nutý_: afteýr re-mQz-l wcer-e arbitrarily olassifi- ts surviving the
CXDOc-Ure- Any survivoi-s which suffere,,_d b-urns or othar injury were nain-

at ls Iv des:,troye d on theP spot~

Thit--0ne ;rnat3 --ih d-ie_1 i s a result-o e~oosur5 to fl!erce Attack

were seleult:1d for ~hrilgcla-:udyi in or't;- `- ccrrelato the 4nstru-I mental :ae suro-nerts on the atopeewith, -the effect of the atu-osr~i,ýre.
ont-a .n -a1 Rectal temperat'r, veese n bod~sr~n from
teuý-ular ve-ir.n s before t-he tni:,sls wer_ -placed in the b'-_Lke! on-, :1

to ; ig med tl fe removal from t'he bunlkcr, IC-ioretl r
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ature and another blood sample were taken° This final :blood sample was''
taken from a carotid artery exposed by rapid dissection; Each 10 ml.
blood sample was placed in a tube containing 200 mg., of potassium oxalate,;
stirred well and rltoed on ice in a dark boxý The arterial samples were
collected under mineral oil and determinations were- always completed on
the day of the trial. The analytical methods are described in Part I •
of t~is papere Selected animals were also examined for gross and micro--
pathology0  - - -.

B. Results 
4

The firing of the flame thrower into the central compartment of
the bunker resulted under the conditions of these experiments in essent-
ially complete oombustion of the fuel, and produced at Positions 1 and 8 a
rise in air temperaturz which reached maxim•um of 40 0 .0.,.a~fallhin oxy-
gen concentration to a minimum of zoroi a rise in oar'. monoxide to a
maximum of 3.5%, a rise in carbon dioxide to a maximum of 10%. and a rise
in the concentration of combustible hydrocarbons to a maximum of 8.5%.
The time trend of changes in air temperature, oxygen concentration, carbon
monoxide concentration, -and combustible hydrocarbon concentration are
shcwn in Figs. 1 to 4, which show the extremes and average change in
forty trials in which the same quantity of fuel, thick or thin, was
fired into the bunker.

It was recognized that tw.o factors were probably involved in
the effect of the alterations in the atmosphere on the experimental ani-
mals, namely, the intensity and duration of the abnormality0

Attempts were made to correlate aninal mortality with the peaks
Of the temperature: Time and gas ooncentrationtime curves, but the cor-
relations were not impressive. IL wa tLhen docided, f ol thc rcaso>-
ing presented in Part II of this poaer, to integrate the curves mechanic-
ally by means of planimeters and thus detemnine Tt and Ct nroducts which
might prove to oc more sipniLficant with respect to anixal mort a 'it

The curves of the individual trials which made up the composite
curves of Fi g.S 1 to 4 were integrated fron tzzero (timte of initial de--
flection to L=4 (4 minutes after initial deflection)> Four mTinutes was
chosn, 'ecauso it -.,,as -e±: .. ..... "Lo . f "-.
close to normal -at•r 4 minutes iŽ' these rarticuThr trials that inteprra-
tion over longer ti-se intervals would not be sig6ifoant

T'here 7a of 0couxse a tie l ag in, 1 l l5 i 4ý1e g-.s s&m-nles
throug-h the oe-ing line but this Uas cor~rec:ted for by u-a• t.. at
the time of th- i•ns+ en t ai ndication of the firs hg in
of the atmosphere after firing-

The Tt and Ct values obtainzd arm repreosnted in theh
of Figs0 5 to S i. those, the concentration of carbon monoxide and of

cmbustibl6e hydrocaron is 3 moasured .as volumes per oent above zero, the

concentrat-on of cxy-en 7s rasured as cnange in volimes per cent be1acw

RZ$-YRI C Hi
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and temperature as Ue above zero, since the initial enviroTMmental tempera-
tur-e on the instrument scale could not be distinguished from zero 0C. The
height of each histogram rep:esents the mean value for thic"- an thin fuels,
reosectively, and the superimposed dots show the scatter of the individual
valuesac It can be seen from Figs- I. to 8 that the integrals of -th teMe-_

ature-time and conoentration.time curves were fairly consistent, and that
-there was no essential difference between the twb fuels used so fa.r as
alterations in the atmosphere of the bunker were concerned.

No curves or histogr&ms are shown for carbon d&oxiae. This gas
was not measured in many of the trials because apparatus for its continuou3 -

analysis was not availabie The maximum peak '0 2 concentration, when
measured was approximately 1e, and the average peak approximately 7%. As
with the other gases, the ooncentration of.carbon dioxide fell to essent-
ially normal levels within I ninutesa

The effect of the changes in the atmo ephere on animal mortality
can be seen more clearly in another group of experiments in which the
anmont of fuel fired into the bunker was varied so that a wide range in
the severity of conditions was produced. The data are shown in Tables I
and IL It had been decided by this tine that the continued measurement
of combustible hydrocarbons could not provide any further valuable informa-
tion so data are not, given for this variables On the other hand, the in-
tegrals of the carbon dioxide concentration:time Ourvas (CO Ctis) are
given° Iwueaoh field trial, there resi4tqd a set of gas Ci's and r. Tt in
two positions, Position 1 and Position 8. Two goats were exposed in each
position in every trial so th.' t -rs occurred a goat mortality of Z/2/ 1/2,
or 0/2 corresponding to each set of Ct's and Tt.

The correlation between the gas-temperature values and goat mor-
tality is shcora in Figs. 9 to 164. It can be seen that there was a foir
correlation between each of the variables measured and animal mortality3

Hcever, the variables heat, oxygen, carbon monoxide, &nd combustible hy-
drocarbons are highly correlated with one another; so that the correlation
between %ny one of tho variables and goat mortality oannot indicate a
necessary cause and effect relationship between that particular variable
and death, These factors will be discussed in more detail in a subse-
quent paper,

The -tffect of fatal exposure on the goats, as revealed by
ch-nges in the blood and organ rpathology, gives some information about
the c au;s ers of dat-H 1.rzrC: goats which -Tre dead on removal from
S ths1 bunker ler• studied for ch}inges in crL ozyhemoglobin oxyhemoglobin1
otal hemogobin coerectal tmerature Twenty-one of

these were exyt1irned for giross a-nd microaswthology a -ere also t-ýro
"addition ,a ;o•1t ,hich -:o:'e ali) but foribund when -I*,-- r from the
"-aut.: : anL-, -ere sacriAced0
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Fig. 13 shows the arcunt of carbon monoxide in arterial blood
I% a•O) The heighth of the histogram indicates the average % hboC, and
the4 individual observations which make u,, the average are shoTn as super-
imposed pointsý The per cent carboxyhemnogobin was calculated fro the
equation:

C0

%iibC C: X 100

where Coo was the carbon monoxide content of the blood (in volumes per
cent and C the oxygen capacity of the blood (in volumes per cent).

It can be seen from Fig, 13 that there was no substantial dif-
ference in the % HbCO found in goats dying at Position i and Position 5,
but those dy�ing at Position 5 had ccnsiderably less WoCOM It w b
called that Position 5 was closer to the flare than the others and that,
therefore, heat was probably the dominant lethal factor in that position.

The amount of oxygen in the arterial blood (% Hb0) is shown
in Fige 14. There is good agreement in the values obtained at Positions
1, B, and 5, and all values are of doubtful significance since it is pos--
sible that there was utilization by the tissues of oxygen in the blood
if respirations ceased before circulatory arrest or of uptake of oxygen
by the. blood if the animals breathed pure air before dying. Fig. 15
shows the per cent change in th, hemoglobin content of the blood. There
was usually some hemoconcentration although P. few goats showed a decrease
in hemoglobin content. The histogram shown by solid lines for Position
5 shows the average per tent henoconcentration if the extreme value of
62.1% is excluded. The dotted extension of the histogram shows the
effect on the' mean of incl'iding this extreme value. The per cent
hemoconcentratlon was calculated asI-

eC "-- .xlOO0

Where a!T is the initial total hemogiobin content (in gm,/lO0 ml.) and
hbF the final total hemoglobin content•

The increase in rectal temcerature of the goats -is shcrn in
Sig, 15, from which it can be scen that there was considerable variation

from :oab to goat at cosition I, and a rossible tendency for greatorelevations at Position 5-

The !o3thanogiobin con tcnt of four gots5,s baforo and after
f1 :- t . t....ok i. .. s shown in Table 1 IT1 The a:uiunt -a a. si and ini -, J
n•ifcant mi iiially and was not inorea&,,d after expozre.

Gross and, hucroseoopc nabe og" c " oxnnrato " wre aeor:
twnr.ty-one goo -'hIch d'id ize diately t 2 tM '1 f, ,a result cf exposure and or-
tro W7nich were ioribucnd Own resoved from the bunk)er and -ich w•iE- .cr:-

?icl Or b :t untm ~tn]ree a aIn ..ý,l OII.v three shoo-0 d third dej-xee " "r
' ',-L L2:.'*-f�l crar ' cz dIevr-ee -urns' ' j- ,oe, : `3 5 s , de'r[t burn-o
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TABLE iII

Methemoglobin Content of Goats Before KnI After
Exposure To Flazie Attack

Animal % Methemoglobin
No.IntlFnl

L4 1.82 0

LS 1.47 0488

N3 1.34 1.57

114 0M73

and two showed no evidence of skin burns. Aside from the skin burns, the
remaining pathology was essentially confined to the respiratory tract.
The lungs, grossly, showed edema and congestion varying from mild focal
hyperemia and patchy edema of the lower lobes to severe, almost diffuse
involvement of most of the parenchyma; in the more severe instances, the
lungs were large, heavy, boggy, or almost "maaty" in consistence and
reddish-purple in color, with -'able edema fluid exuding from cut
surfaces, and frothy edema f_.u. the bronchi &nd trachea, From
a combination of gross and raicro, ,Z, pulrrcnary edema was es-
t.imated as considerable or •ver of the twenty-three deaths,

moderate-in nine, and absent ±o. in

In about hal' - s rsur,, there was slirht
to pronounced e4-a of tht --- mgea! -,ucous membrane resulting in partial,

or, in the more .over-= s- -.rently complete laryngeal obstruc-
tiont The isnr a :as .zannes. of laryngeal edema

were mcost likealy to o-c.r n: moisture was present in tho

b-anker, which mny nave re -_. u. erizatW-ion of steam when the flf.me
entered. •hs la'-h 1 &1 "x nuot'Jn. dreosits of carbon which
ofteu extrai-ýed --or a U c• e•:ao dstall.y

o3i %•t '3 -, , o. t absent in other organs of the
ani-nIs in t'e hrou r, e c n ." ,r •he frequent occurrence of a
ch y re- •o.', o " " :-l. b'.n-a-s wore not examined.,

It's 0.1,_te:' of j.leral k-olcj,,edge that a quietly b:a•niluy f.z:'•e,

Lx:: i-. or ra-ie w_!I be a6tintuishe. i the oxygen concentra-
in t' . .! below 15i8 This fa t i!ý s b9en utilizred in

-:a rL C t in a Qe1ý 6, t-uiont & a tes t fo r the h 'cCnSe 0£ an Lt oU -
tn n,---U.-o• ... u - • su.noort I .

- -. •.li , I nc -O --o m sr, trays l, r2' a

cxil TO inJ1-U::;- of 4. -
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Whe burning petraleun. fuel is fired under' pressure into a, poorly
ventilated space, such &s &. buriker or similar fortification, the aondi-

tion ofoomust~n prm5 of a mu-ch more effeattve use of the at os-
pherc oygee t an e sen rom Fig. 1 hat -the average minimam

oxyge~n concentra~tion. in a series of forty trials was arcund 5%, and that
it fell i.n some t-r-i.ls, to a level not significantly- different from zero.

'The more; efricient utilizetion of or-e i h 4tlane thrower ex-
perim-.Lb is alico r fliýctcd In the cconcentrati n ()f the Dcroducts of C o~-,
bustil~ 71here Moritz et alý (1), for examole;' found a- pe,,0 carbon mon-
oxide concentration of 1.4% in their experiment vith statically ignited
gasoline, the average peak In th~s forty tri~als with the flamne th~ricer
was, around 2% and -the maxim,,=, peakl was35%

Complete OOTomustiou of Petroleum fue~l sh dress4t, in the end pro-
ducts os~rbon dioxide, wa~ter, and heat. in thLis sense, combustion wets
not aomciete in the flame t-hrorwer ftxperilments just described, since car-
bon monoxide and. unb-urned hydrocar-bon va-por were both present in the at-
mosphere of the bunker, and both are products of the partial com~bution
of Petroleum flaels, A dietailed ata~lysis of gns swnples tiaken from the
bunker was show In Table I of' Pa~rt I of t~hisl report-

Neither the peak ca.~-bon monoxide concentr&t-Lons 'nor the minim~am
o~ygen conzcentration~s encounteread 1,n the bunker would be comapatible with
life if they persisted, -out the duration of the rmoat severe conditijons
was very short and atmosplheric conditions usually returned to normal
vwithin four to five minutes., There was, moreover, no striking oorre-
lation between the peaks of the gas - tem-perature curves and an-iml
mortftlityO It, was, therefore, decided that a, measure of doz&6e Which
took &ccount of both the intensity and diuration of the& abnor' -it ia
the atmosphere should be calculated. Acuorcti -, 6 1 Yf-j1 c:l 4. nz the
reasoning presented in. Part, IT of this paper, t~he gas-GinctntratiouA
time, curves vrere integreted and the areas erpres saA Ct u (or L Ct
n, the case of oxygcn). The ai- temperiturostime Curvesi were like-

wise ijitsgrated and the results expressed as Tt's (Figs, 5,o )

Tiie data of Tab"2es I end !I; when plottd inF~~~ to1,hw

areasonably good, correlpaticbcwn t !%:1 ue fte t adT
and goat, mortality (Ki, 1'ý L_
variable (ozygcen, oarbor~ monoxide., carboun diloxidlo; and aiLr tempern-ture)

ahre j s a- uplper limit' C¾l~ hc bt oats were always killed, and
a lower limitu belca; which n3 goat, was ell~lar __ lodL There vas also a~n
intemeiate -range an wh~c- the ~rortallICty wes qaite -w r4able , as migh

be ~peL~ whre n>t-Wo arir~a] a were a'x'osed at a tiLMe.

1f 1l~ t ao 1;2 b r'% a d anger a r h i inlherant i-n
e xD er'~o t-Lis % t-o sor±to~ o j. -nhe repctv

Ct~or t nd ~o~al b dc~o ~'~ut t inee c hat - n- onle o"
w~ -ii~znrt _raur 2 et. T hi s a t an,13- fr 7 thae a that

V ~~all oi' `Che 7s~'iswero hlh'. orr' elated wi~th- one another', and hýnue

RES .,il



* if any one cau sal f actor s~cwed a gcoca c orre ktAion w.th mcrt ait'yY a ll Q. ~h
oth'el- factors would like-wisie show a good. correlation. by 7irtu--e of t~holIr de,-
penlent var'iation with the oeuss.! fact~or. Thn posi.bU Liivy Of syne4gI~tIC,
hotlicn must also be oonsiaered. For 8xamnle, Henderson and iiag~ard !'2) e
listed the physiological effects of C00 Otis (recalculates inf ter;at of voluxmes
Per cent x :1i'nutes) as oM2

A jusýt perceptible effeo't
5~4 Eeadaohe: and nausea

It will be -acted1 fr-or Fi- 9 tUhat. -oats diod. at CO Ct's above 1.5 and
that no goat survIved a CIC Ct abovs B.S. The rteascn for the dJiscrepanoy
1between these results and! those Of Hlenderson and Haggard mightt posuibly, be
in diferances of concentre~tit~n and daration of exposure sinc-e the rult
Ctz'k does not usually hold over an extended ti-me and ocacent-rat~ion range,
.but the imain reason I-s ivro likealy -Vo be thne contributing ef'feý,-t of heat,
anoxia,ý etoc., to the ýaortality i4- th rUi enrmn

2he ;hylsiolo-ical cbser,,ationa on. 31' goato kdi"5d by expo,.,urt at,
P csit-1-4ons 1, 8, arA .5 to th~e results ot flam.e eattack, provrIdse some basis
f'or speculation L~s to the toxic factors involved' in the death of t-he an-imals.

?'iv. 13 shows that the carboxyhamoglobin 5ature-tion averagedaon

60 and rangled, in. goats exposed at Poait L ons 1 and 8, fýrom 40 to 87%.
Hander son and Kag-ard (2) also listý the phy~love Ifet L Wlte

writhn Various enoun-ts c~f carboxcyhemcglobin In 'ýhe blood, as follows:

SCO Hemzoglobin ?hysioloical ý_ff'ects
Y0~o appreciable ef-fect.. 5xcept shortness of breeth
ca virowous muscu.lma- exertilon..

20 No appr b 1. effIeet 4 ra s Z I ns t-a_-ce s , e x cept
shortnt i br~eathl, sven on~ n.oderate exertion;
occasional-ly sl rhtl he ada ~h a

Deicided he_-d~iha; ix~ritjl+ ~ as2y tud

~0 to 5 0 He adohe s Si~ c or 1 s on
onl exerc-!on~

'Q o 70 '. Lcc n s rýi 3_3 ýs-, e o s i. ItoA f:r e and a e at

f's leyO~iuoj

ST "V



A comparison of t•is tabulation and the data of Fig. 13 shows that

lethal v....s of carboyhemoglobin probably existed in goats exposed at

Positions 1 and 8 in the average experiment and aimost certainly existed in
the extreme experiments.

if an atmosphere containing Carbon monoxide was simaltaneously de-

ficient in o-ygen, the lethal blood level of carbon mo:oxide would oresam-

ab': be lowered. i 1 14 shows that the amount of oxygen in the arterial
blood -4 EX e~ lt3 aý fidn 0hic 0 C&. -C~ tt tbtAoxygen _

ficiency which undoubtedly efisted in the atmosphere, The figures for

pcr cent oxyhemoglobin must be taken with reservations, however, since it
is possible that they are too 'high (if orygen was added to the blood by

the breathing of relatively pure air before death) or too low (if oxygen

was lost from the blood to the tissues by virtue of the occurrence of res-

pirat-ory arrest prior to clrculatory arrest).

In any event, it seems probable that the eaount of carbon monoxide

in the blood couwied tth the deficiency in oxygen would be sufficient in

the majority of oases to cause death without any reference to the effects

of heat. The five goats dying at Position E (Fig. is), however, had very

little oarowtemoglobin, and it appears likely that these were killed so

quickly by exposure to heat that there was no opportunity for carbon mon-

oxide asphyxia.

The heat exoosure factor cannot be neglected for any of the exposures

at Positions 1, and 8, however, since the majority of goats showed an in-

crease in rectal temperature which averaged 3 to 4 0 C., and was only slight-

ly less than the average increase in rectal temperature of the goats ex-

posed at Position 5. These data, while establishtng the fact that there

wad eioosure to heat, do not allow too close interpretation since it was

established in trials where goats were sub'jmted to flame attack in the

open that rectal teroeratures do not a!ways parallel the temperature of

blood in the deep arteries or the heart.

Both carbon dioxide and combustible hydrocarbons were present in the

atmosphere durlng the exposures, and these may have had soe effect on the

Sgoat• mortality• Evidence that will be discussed in more detail in a sub-

sequent paper, hcrnever, lead us to believe that these gases Were or second-

ary rather than prima.ry importance.

In general, the goats whdch were dead on removal from the bunker

Ssomae heloconoentratitn (Fig Is) Pathological examination of 23

selected go.ts generally revealed soane pulmonary edemo. This has also

been observed in Canadian ,xperiments -'ith ýgo.nt.s exposed to attack by
flme th•r'er- (S)• i.n 'reviousl" recorted experiments in w.ich groats ",er•

"ex:o3s-d tohe 'iLoots of fire bombs -%)1 in soie of he human nitims of
thes Cocoa 2.u a-re adiaster (4; 5) and xn• dogC exposed to the inh7alaticn
of• •=: a).

The ass of culmonary .•dea-a are; mny, out i the present -x. eri-

en~~~~~~~~~s~l i<.-2o~trCJ~lta.ru\§t~eea was maost sevrei thos
o-..r...ss in bich- ther•e was c.-nsciorsolt moisture in the bunker Which

havc, been coverLte&ito stc t tt
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Thesc ý ezPeri-;enlts establiSh% the f'act that dangerous or 'Lethal atrnos-
-r•hnre. :ýay 1e produced by the combustion of petroleum under conditions of
im~erfuct v-ntilation, and it is believed that similar conditions of venti-
1.&CIon i y wr-a be encountered in ci--ilian disasters - Since the products of
the incomplete combustion of petroleum (7), are qualitatively simaiar to
those of other combustible materials listed by Easton (8), it would appear
that the -resent observations may have ,eneral applicability to cogflagra-
tions involving limited ventilation and do much to explain the "extreme
toxicity that appears to be displayed by fire gasei under certain circum-
stances" (G>

On the basis of the expe-i nents reported, heat, carbon monoxide, and

a deficiency of oxygen appear to be the chi-ef lethal factors. It does
not seem to be necessary, therefore, to postulate the presence of other
toxic gases such as nitrous fumes, phosgene. hydrogen cyanide, or hydrogen
sulfide (although thtse may be tresent And significant in special circuxm-
stances) in order to account for the death of casualties in conflagrations
where skin burns are absent, or appear to be of minor importance.
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FART IT. The $ffcet of Ventilation

Experiments arc described in which a flame thrower wa.s discharged
into an exterimental buildlng designed to be either poorly ventilated or
well ventilated. With poor ventilation, 5 gallons &f fuel killed 26 of
96 goats exposed and the evidence indicated that carbon monoxide and a
deficiency of oxygen were the predominant lethal factors. Heat was prob-
ably also important, although the same amount of heat, uncomplioated by
carbon monoxide or anoxia, did not, in another experiment, kill any of
four goats.

When the same building was well ventilated, no goats were killed
when quantities of fuel less than 16 gallons were fired. Heat was
apparently the chief lethal factor under &onditions of good ventilation.

Trials were also carried out in which a flame thrower was dis-
charged into three abandoned mine tunnels. These experiments showed
that the toxic gases of combustion can travel by convection a consider-
able distance from thor source under favorable conditions. The travel
of these gases, however, is interrupted or diverted by sources of verti-
cal ventilation or by the interposition of relatively simple mechanical
barriers8
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T= TOXiDOLOGY OF FIRE

PART IV, The Effect of Ventilatio

I. HI ST 0RICAL

It has been shown. in Parts I; II, and I11 of this paper that the fac-
tors responsible for rapid death as a result of exposure to petroleum con-
flagrations are different depending or, whether the conflagration takes place
in the open or in an enclosed poorly-ventilated structure. Under condi-
tions of poor ventilation, heat, carbon monoxide, and oxygen deficiency are
the chief lethal factors, while heat alone is the dominant lethal factor in
conflagrations in the open air. Death in these experiments, was rapid,
frequently occurring within 10 minutes after exposure to the conflagration.
Thus, the delayed death which often occurs after severe burns did not enter
into the picture.

This paper 1il1 discuss some of the qualitative and quantitative
effects of ventilation on the lethality of such petroleum conflagrations as
produce rapid death0

A, Materials and Methods

The experiments carried out were of two types- (a) Those in
which burning fuel wac discharged from a flame thrower into an experimental
building whose ventilation could be varied; and (b) those in which burning
fuel was discharged into mine tunnels hatdng different ventilation charac-
teristics.

T~he, experiental b lding •d •ns rected in the shapa of a T as
shown in Fig. 1 It was constructed of concrete block, and provizson
was made for dischargi.g the fuel into the base of the T as indicated in
Fic. i1 Doors at Positions 1, 8 and II, extendin.g frox- floor to ceiling,
could bo opened to any desired degree in ordier to chenge thr vernilaticu

onaract-u c ' o P thf,, utri -r:._tur,

Acti-all', reulton;it or> two degrees of ventilation will be
desribet In th0 firt o&se1 wh°n. can be characterized as 'poorly vnti-
la-tsd" the doors *3a Positions I. an' 8 j3ere uc .. uletly clos1 d whle th
door at ?5ozition 11b f at o evn lt2 nhswide
extending from Cieer to cu"iling- 7n 1le second casn; charaoterisA as
'•"rcli vonti l5ateC" , 9.! <}.-........ d~oor_ '.•e'e £u 'si, ove.ttd0

Pr'cvision' '-e m•ade for ccr.rinucuslv recordins air te-'.mrerua-S.... - - ..--~noocc,:-at on a-. aronAoo i oonr entr~-,-- iporr stl~s

11025 s e 7 an 8. ".:>t Ut dJevcl~ond that no onrsiste-nt dtff........ i

S.. . . ... . .... .... ZZo hmC hr;
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atmospheric conditions were produced among these four positions, so that in
most experiments samples were taken either from Positions 2 and 7 or Posi-
tions 7 and S. Thle methods of continuously analyzing for oxygen, carbon
mnonoxid~e and air temperature are described i.n Part I of this report.

Healthy adult goats, prepared as previously described (Part I of
this paper) were tethered adjacent to sampling points at Positions 1, 2, 7
~nd R in some of the trials so that the atmospheric conditions could be
correlated with animal mortality.

Preliminary experiments with the building "poorly ventilate-3" were
carried out to determine the approximate quantity of petroleum fuel that
had to be discha~rged f'rccn a flame thrower-in order to produce barely lethal

conditions at Positions 1, 2, 7 and 8. A number of trials were then con-

werethe opeedand a further series of trials were conducted, in which
-th amuntoffuel fired into the build-ing was varied,

The second type. of experiment involved firing fuel from a flame
thrower into three mine tunnels of diffetrent natural ventilation c~harac-
terist-ics, These tunnels had been bored into the sides of hills in the
vicinitly of Dugway Proving Ground, Utah, for the -urpose of mining Metals
and were subsequently abandoned. They were predomainantly horizontal, al-
though in some cases as will be described, the tunnels coimnunicated wit
vertical shafts. In structure, these tunnels were not unlike some of the
oaves which were defended by Japanese troops in the Pacific.

It was not practical1 to make continuous analyses of atmospheric gases
or air temperature in the mine tunnels because of their inaccessibility, so
tliv.t SDot saoaplec wnrlt usually taken with Bureau of Mines vacuum bottles,
or by ru flin, air from the 3&=lirng point into collecting bottles by means
of &'.16 13 nch. id. d -TApe and a- vacuum pump, The samples were subsequontly
arial-yzea it by the Bureau of Minea, or the Army Chemical Corps.

S ince ane safety lamps and carbide Iamps will not burn in atmos-
phters containi ng less -than 16% and 12O/ oxygen repciey()Uhs

iazswere used in all trials to determine whether the oxygen concentration
'rl-n 2&11,vi telc-. th's rcopnot-1-e critica P'1 r(c..ntpigns during a trial, as
wel aS -4o aettrrniine the t;ine after firing when Buf 4", ienrt oxyger, wa pres

e~nt to alloa stfcertn1o, ernt of tht carb-on monoxide absorbiug uanisttr of
the Y-Sik typtý 1i Mask- Thle carbon monoxidi caovientra.tion wný roughly de-
termi-fid as dtE4ire~d with thc Hool=,ite a~i()

Gof~ts 7,iL-hinc-, t-30 IoGO lbs. and -~~d in thie us-,anl mnanneiswre
2oUnovad roul-ýI.,ýut. Blood sii~mlos wor3ý (1w Crcm tfie- exxt>raal jugular

V-1 Z btCfo'-t 4- tral 0o n i L o. th -oral an i Ghi n f --ve rAinus
sft~r rim o I ~ `th* lr•inel on most of' t1he aniniiels SV. DZthe £1lrne

OL Ts of bi~ o i4 'i&d To thl- leftt Ver.'ricle Of all
-oats Whi'- Woe' dea rao' :ýO~m t tunnois. A~1l blood sp-mipls werze

ra'~ a aollldi'O- tlrr sy nýfi; 0_oi oilI, into tes-L tubeo ~ounta~in-~
k i n~.r' oxa 1 atc a- Woere Gtorced -1 P_ Cool !`'ýrm~ou J1uF durinZ treý-slcrta'i on t L

th~lac~cr~ Al ~l~'is~ c 1 ~. iti u13i-u1

awnf.-i
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As in trials previously described in Parts Ii and III f. this paper,
the petroleum fuels used in the present trials varied little in chemical oo-

position but rather markedly In viscosity, so that some could be characterized
as "thiAck and other6 as "thin". Since the dnts of previous trials failed to
revea,. any significant difference in the physiological effects of the "thick"

and 'thin' fuels, no distinction will be made among them in describing the
present trials, either in the experimental building or in the mine tunnels.

B. Results

I. Trials in the experimental building (Fig. 1)

a. Trials with the building poorly ventilated

Twenty-four trials were carried out in which 5 gallons of

fuel were fired directly into the building through an opening adjacent to

Position 11 (Fig. 1). Oxygen concentration, oarbdn monoxide concentration

and air temperature were recorded continuously at Positions 7 and 8 during

and after the firing of the flame thrower until atmospheric conditions had
returned to approximately their pre-trial status. Goats were exposed during

the first 12 trials, 2 at each of Positions I, 2, 7 gnd 8, or 8 goats per trial.

Following the reasoning presented in Parts I, II and III of

this paper, the curves relating gas concentration to time, and air tempera-

ture to time following a trial were integrated mechanically by means of plan-

imeters in order to obtain Ct and Tt products which experience had shown to

be signifiesntly related to animal mortality. The curves were integrated

from t=O, time of initial instrumental deflection, to ttx, the time when the

instruments showed an essentially normal atmosphere.

The results of the 24 trials are shown in Table I, The

goat mortality in the first 12 trials was 26 of P6 goats exposed. As stated

previously,only those goats were counted as dead which were dead on removal

or died within 10 minutes after removal from the building. The CO Qt's,

the tO 2 Ct's and Tt's assopiated with the 27% animal mortality are shown in

Table I. The average CO Ct at Positions 7 and 8, averaged over all 12

trials during which goats -were exposed, was 2.89, the &-0 2 Ct 66.685, and
th Tt 647.79- Wn the individual Ct's and Tt'a were averaged over both

Positions 7 and 8 and all 24 trials, the results were: CO Ct, 3.b6;

S02 Ct, 65.41; and Tt, 666.71.

b. Trials with the building well ventilated

Fourteen trials were carried out in whioh all 3 doors to

the building were Pully open, The flame thrumer wac fired from the same oc-o
S sition as in the trials rlth poor ventilation, but the quantity of fuel fired

was varied from 4 gllon to 24 gallons. " In these trials, samoies re

taken at Positions 2 and 7, and one goat was exposed at each of Positions 1,

* 2, 7 and 8 in nine of the trials 'hile one goat was exposed at each of Pot

tionz 2 and 7 or 1 and S in the remaining .5 trials. The results of the ex-

puri-rents in terms of animal mortaii y, Cb y, , _ 0,, Ct and Tt, are show.n

i. Table I I
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These data are further summarived in Table ITI, in
which goat mortality, average CO Ct, average &02 Ct, and average Tt are
related to the quantity of fuel firodi It can be seen that the CO Ct and
L0• Ct with any quantity of fuel up to 24 gallons did not apprcach the
values obtained with 5 gallons of fuel fired into the same structure when
poorly ventilated. CO Ct appeared to reach a limiting value when 16 or
more gallons of fuel were fired, -hile 6 O Ct appeared to reach a limit-
ing value when 12 or more gallons of' fuel were fired. Animal mortality
increased .-ith the anouint of fuel fired, although no animals died when the
quantity fired was less than 16 gallons. The Tt product increased diroct-
ly with the quantity of fuel fired, from 4 to 24 gallons. When 12 gallons
of fuel were fired into the well ventilated building, the Tt product was

approximately the same as that obtained when 5 gallons of fuel were fired
into the same building with poor ventilation.

TABLE III

Relation of Quantity of Fuel Fired to Effeota Pro-
duced in Well Ventilated Building

Gals. GToat's Average Average Average
Fuel Killed CO Ct A0 Ct Tt

4 0/2 0.09 1.45 141.0
8 0/4 0.15 1.88 284.4

12 0/4 0.48 14.02 6o1.1
16 4/8 1.16 13.36 333.5
20 14/20 1.O6 14.82 902.3
24 63/8 1.07 (8.89). 1136.7
(s)** (26,196)** (2.89)** (66.sb)** (647.8)..

"*Single reading - noF an average. Other readings
lost due to instrumental failures.

**Comparative data with building poorly ventilated -

Cf Table I

No physiological observations other than classifi-
cation as dead or hie sere madc on the goats in h.se t.rials.

2. Trials in mine tunnels

a o Tunnel No. 1

The plan of Tunnel No. 1 is shown in Fig. 2. Thi i
tunnel was 173 feet in length, and ended in a pit or winze whose floor was
apuroximat ely i8 feet below th.e level of the main tunnel. A side tunnel
branched off the main tunnel at a distance of !28 feet frori• the nlain floor
and sloped uw-#ard to a point approximately 1? feet above the floor of the
roain twnnel. 1he single mein porta- -,-,as the oni.- source of ventil tion
of -his tunnel Pipe lines of 1/8" i d. were run to points A, B, and C

- -ST.R,?C,•ED
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in the tunnel (Fig- 2) A sheared -oeat was tethered at each of PositiOt s

, 3, 0C, and D, The flame thrower was fired into the mouth of the tunnel

from a range of ten yards.

Flame was observed in the tunnel for approximately

ten -,dnutes, but little flame came out of the entrance. After ten minutes,

hcwever, unignited vapor was weg to come cut along the bottom of the tun-

nel to the portal, where it ignited Just outside the cave.

The tunnel was entered by observers wearing oxygen

breathing apparatus cixteen minutes after firing- At this time, viSibil-

ity was only 2 to Z feet throughout the mines Heat nas noticeable dnly in

the region where the actual combustion took elaoe. Beyond the first turn

of the tunnel the air was cool.

Table IV shows in relation to the number of minutes
after firing the gas concentrations which were obtained through the pipe

line system as well as by means of Bureau of Vines vacuum bottles, and also

shows the condition of the goats. As indicated, observations were .made to

determine whether the flame safety lamp or carbide lwmp placed at various

positions within the tunnel before the fuel was fired were or were not

still burning, and the density of the smoke was estimated.

Goat A was reached by the observers 19 minutes after

the end of firing and was found dead but unburned: The carbide lamp was

not burning, and a vacum bottle sample was taken at a level of 2j feet

above the floor. At 22 minutes, Goat B was found alive and unburned. The

carbide lamp at Position B was not burning. At 23 minutes, Goat D was

found dead, but, like the, others, unburned: The carbide lamp was not burn-

ing, The goat at Position C in the bottom of the pit was reached 24 min-

utes after the end of firing and wa3 dead. The flame safety lamp at Pusi-

tion C was not burning; and a vacuum bottle snple was taken at a level of

It feet above the floor of the pit.

One hour after firing, the air of the cave within 10

feet from the rortal was irritating to the eyes although visibility was

omarkedly !imroved, qnd the flame safety lamp burned normally: A Hoolamlte

detervainatien at this noint indicated approximately 0M4-, carbon nonoxide-

Sevent-fire Tr:inutes after thu end of fin, the

flame safety lamn would burn an-manere in the tunnel oicept when lowcied
into -le pit at Position C, The animais were then removed fron the

tunnel by men wearing appropriate respiratory protection: The goat at

Position B was dead at this tiMee

Blood Was drawafn th eC enrceo ach Of
the dea an rna . thln 5 minutes after removal frome the tunnel. for homro•-tw'a dead. P~ja ', mi ,ýt s af e ,-V ý "- c---
giobin, he'•aatcrit•, oxyhomoglobin and cavb-'oxyhemozleebh dot-1minatiens

The results of ibhe analyses are snon ý i Table 7-
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TAtBLE V

Blood Studies on Goate in Tunnel 1o.I

Wosi- Observa- 0o.dition Hemo, lobin He6 tocri• t ') .3 1O
tion ti1o1n Výoi!0( m,•iTime Init. Final Tnit.5'• -ine" 1 1 W

r& n.

A 19 Dead 107 1i.7 42 39 0.3 74

B 22) OUiconeci ous
76) Dead 10.0 8.3 3]. 27 9.7 64

C 24 Dead 8.3 -- 2i2 71

D 23 Dead 9,0 11.4 31 Q 0.3 79

The ventilation in Tunnel 1. was entirelv by C on-
vection, i.e., air entering the tunnel from the out.•ide being warmier than
the air in the tunnel, rose to the ceilin and traveold a1ong the ceiling
until it cooled, Air left the tunnel frG the bottom. It is iriteresti-ng
that the gases of partial combustion were carried back throughout the 173
feet of the'tuntel *by this siimple mechanism. It is obvious that the
amount of carbon monoxide in the blood coupled with the existence of a de-
ficiency in atmospheric oxygen would be sufficient to cause death H Eeat
was apparently not a significant lethal factor at the . where. the
goats were exposed.

b. Tunnel No. 2

Fig 3 shows that this t"unnel had a eingla portal
leading to a main tunnael 548 feet in length, In addi.tion, there was a
curving side tunnel 217 feet in length, which branched off from the main
tunne! 34 feet from the entrance. The long tunnel had several fissures
of various sizes at different points thlroughout its length. These are in-
dicated in Fig. 3 by snall cross marks, either singly or connected with a

o(Ir 1i n n to indicate, in the latter instance, a fissure which traneected
the entire tunnel. The shorter tunnel was saimilar to Tunnel No. I in that
there were no fissures or other openinrs ercept the portal where it joined
the main tunnel.

Tc'ial io. Io As indicated in Table VI. goats
were l)]aced at Pooitkons A; B3 C, and D. Carbide brip "were placed
Positions C and D and a flame sae..ty lEp ft Position A• The fluta,
thro'er was firl.d into tho main portal from a distance of 17 feet. uning
the sem-e quantity of 1Q'uo! eaz in Tu,-ne lc, 1i. Diaring , 10 minute period
after the end of f'ir ng flaezn' alternately f1sashed oJut of the opening of
thb dine, and then into the .unne! so deeply that no fire apeared at the
entrance Eleven r n.nos after firing, three men with oxygen masks and
goggles entered the •io

•,TN1T¢ :., )
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Tunnel NMo. 2

Posi- Time efter 'mke~ 0 ý0W6 WW o Lam

tiOn end of fir.-
ing -r~uin __

C 1 0. 0 20.9 0.1 0.0 Ali ve Carbtd~s Iaw~n
burninc'

18 16 None M~ M8~ 0.1 0,0 Alive

A 19 to .,n Z 0.0 20.9 0.1 0,0 Alive Flame safeoty
lamp burning

D 20 1.3 14.9 3.3 0,4 Dead Carbide l~ary
burning

D 64 0.14 19.8 0.9 0.1

0 70 l1one 0.0 20.8 0.1 0.0 -

Viiilt 'Ls2hu50f1wt.eeti mia ap

*Visibility less than 50 .ft. with electric -miners' lamp.

# At junction of tunnels 33 minutes after end of firing the Flame Safety
Lamp wculd not ignite and carbon monoxide concentration was 0.1 by
Hoo01lamite 0

NOTE: All1 samplos taken at tovel ofý the head of standtng goait (p oi
Vately 2 ft. above floor level) by ma of Buxreau of !iin~s

Va~cuum Bottles..

Table '41 shcms the im after firing at wAhich var-
i icus posits m'ts were reached 3 the coonditlion of the lcom~s, and the location
inr isa~imiig tinw(ý of tho1 gatc- 3amoLcc. A.s noted in Table lIII the smoke wos
extrrcmniav (!Eiso trnrou'nouat `-hne ±tonnr`01 ox' titt 217 t'uot 6ide tun-nel1arz
to Positioni D, vthereas, in the maain t'unnel, the density of the smoke diwit--
I shcd ,,fter passing the first fisore only moderate at Position U anid
sai. undotuotable ýAt ?ositions A utct* B. The entire tunnel sys~tem wau cool

eot casutiult `tttning along, the -.)ain tunnuel for a distance0 of 50
feet froau thu 00k-tat.

Onaly ',-h,) wop&4 i 4t1'oa~i on D wss founid dead. Thi-s t
ani4mal was found tohavx's k4~ c;r.¾n lbn d 6 9:/ cn~roxyhenogaov n

ý;011_1blu (_l %1;J-1 t: a! 1)1T 11 IUflfld ! )Wi 1 ( . b at I was8

Rapparently not a fa9o ntech <t~ux h wU at Position
A. Bnd 0 ~;r±s mint- nTn' y

RF.S T R 1' (T1a;_-
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Trial No. 2, The results of the first trial Su.2•
gested that the ventilation supplied by the various fissures in the main
tunnel mitht be reducing the effectiveness of the flame attack. There was
no trace of smoke on the walls or ceiling of the main tunne) by the ' t&)

one reached the wooden construction half way in the 548 foot main tunnel,

wher-eas, in the 200 foot side tunnel which had no fissures, smoke could be
deItected on the ceiling all the way to Position D,

It was 'ecided, thorofore, to pack all detect-blnI

fissures with wet straw and burlap° In addition, a standard army "as-proof"
door was constructed of scrap lumber and 2 G.I. blankets in the side tunnel
at a point 148 feet from the main portal (Of. Fig. 3). Goats were placed at
Positions A,B,,CEFG. and H as indicated in Fig.3. Carbide lamps were
placed at 5 positions as indicated in Table VII, and a flante safety lamp
was placed at Position G, The sBame quantity of fuel was fired as in Trial
No; lc Thirteen minutes after firing observers entered the tunnel wearing
protective equipment. The condition of the goats, lamps, and smoke are
indicated at each position in Table VII.

The gas analyses for samples taken at Positions B
and C in Trial No. 2 indicate the greater effectiveness of this trial over
Trial No, i, (Compare Table VI ard Vii) uo ear as the main tunnel was con-
cerned. The goat behind the "gas.proof" door at Position G was unharmed,
the flame safety lamp was burning and there was no detectable smoke in the
tunnel beyond the 'gas-proof' door when this portion of the tunnel was first
entered. Analysis of the blood of the goat at Position G showed 3.7% car-
boxyhenioglobin, but this was after the goat traversed the section of the
tunnel between the "gas-proof" door and the main portal; so that much or all
of this carbon monoxide oculd have been •reathed during removal 0  The blood
car boxyhemoglobin concentrations of the goats at ?ositions C;F;F,, Bud It
are shown in Table VIIo.

TABLE VII,

Blood Carbon Monoxido Concnutratiou
In Goats T Trial No, 2

C Al5 5 °7

R Collapsed 27-2
F Unconscious ?I.k4 '
G Alive 3o7
H De.d. 06

The contrast between tho tca~ tiov of g~ntJ at G
and 1 is strikng testimony to tho offeotieioeso oF c imlo porotectivo

ae.. a f3 11 , p;

1" 21 011 R~ -C.-'ED



ICABLE VTI

Ti-nnal Noz 2

Time rtter
P oi- enad of f Ir- Smoke %c0 P0 % ,fl Gnat Lamp
tion ing,- min.

A 19 None 0.0 20.9 0.1 0.0 Alive Burning

B3 22 None 0.1 18.8 1.6 0.0 41livG

c 24 0. 85 1.7 0.1 klive Not burninff
roirnited

26*.3 16.4- 3.o 0.2 Collap- 1o, urig
sed(2) rei~nItod

F 27 * 0.4 15.5 3.0 0.3 Uncon- Not burn ing.-
scioua r o iguito d

(2)

H 31 NO 0.5 15.4 316 014 De ad- Not burning,.

G(1) 32 None 0.1 20.2 0.5 0.0 Alivtq Flam~e safety
laMp burning

(1) Behind ý'gas-proof"' doar.
(2) Rocovered comr.1eteiy.ý

4 Vinibility less than 10 ft;. with 6lectvic acirturL iaranv
** Vizibiiity 'Less than .3 f t. with-,e -1ct r ic mi ne rrs lamp .

N02E. All uazoles taker. at loviý1 of th-c- ho-ad of a svtandinng goat (approyi-
mately 2 ft. Rloov,5 floor lovel) by riowi.; oi* Burt:;a o- 1ine vacuu-
BottOL.)j
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c. Tunnel 11-, .31

Tunnel No0 3 i8 shown iv Fig. 4. It consisted of a
main tunnel and several branching tunnels. Approxirsately 200 feet from the
portal, a 20Cfoot tunnel branched off, terminating; at Position C, at which
point a vertical shaft rose 30 feet and oonuneoted with a horizontal tunnel
20 feet long, which terminated with a second vertical shaft extending 20 feet
upward to the surface of the ground, Goats and iamns were placed at Posi-
tions A,,UGD, and F as indicated in Taubjl I-A. The flame throw-r wa fired
into the main porta! from a distance of 1.5 feet. using the same quantity of
fuel as in the other tunnels. Seventeen minutes aft-- the end of firing,
observers entered the tunnel wearing oxygen oroteotivea equipmen At this" .
time, all goats wore alive and all lamps were burning; There was a icoder-
ate amount of smoke from the Doortal to Position C, but none distal to the
point where the side tunnel leading to Position C branched off-

TABLE IX

Tuiunel No0 3

tion end of fir- Smoke /O 0 %H • Goat Lamp
ing - min.

F 26 0,4 17.8 139 0,4 Dead Carbide lamp
not burning

0 27 ** 0.1 19.6 0.8 0.1 Alive Carbide lamp
not burning

A 28 None 0.0 19t, 0.3 0.0 Alive Carbide lampq
not burning

B 30 None OI 19., 0.5 0.1 Alive Carbide lamp
burning

£32 None O. 20.1 0.5 0.1 Alive C1rbide lamp
not burning

V Vii b i.it. less than 10 ft 0 rith elect--io mrltersý la:ap¾
eViiiiyunlimited, smokE; d et, cta1ble

0! t"R kll -,amotes taken at the lovel of' the head of a standing goat
(approxinmatoly 2 it, abovo floor level) by means of Bureau of

diiies Vacuum Be's-

""ii r fir irnutso nr t ho end of the firing an o.u.'
qua-nt..,,, o& of "a':r' into hr'njnty-one r' n-.ut,'-s aftor
t!; end of s -3n-n- niur,- uibf rvers oo-!,Lin ont. r,3(3 the t.u•,w ii -finlug ro-

y-1 -. a

-Q0..,t1. uc. "o ur•]; 0 A..1 g•.ostum -~r-u n t• ?,Os, [ W. err; i,' .;i'O,, a.. " ,

n. ._ .i.3 Co i, c I ,1 . ye6•o X,;ye'.j• ox.0 ,5upu 2 •.r• a n-:e:t . .raa • '•o o•:: a• Veos ~ o-_ B

.,ur,.•:X ',;o"a .. blood. oar'boxy;[h.± , loea AbJri O~ -tV,.(111 ,-' ¶AS tfo l ,fl, -;U D O ,

H1 • YP.Jk .,
S. . ... . .a..-.': ;•_ _.. ,.:..•:;a; t..•.-•:•;,•.•-<• ;;i• J,- •.;: ,.j• -;]7 2" ; :3 , •<' = " " • , 7 \ - .' - - :-.. -" ="'+
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TABLE X

Bleod Carbon Monoxide Concentration of
Goats - Tunnel No. 3

Goat Condition %I9b CO

A Al ive 0

B Alive 5.?

C Alive 16.9

D Alive -*

F Dead 63.7

*Sample lost

III. DISCUSSION

The experiments described in this paver serve to show two important
facts: First, that the gases of partial combustion can be very effective
1in producing a lethal atmosphere in poorly ventilated structures, even at a

a considerable distance from the actual conflagration; and, secondly, that a
given quantity of burning fuel is more dangerous to life in a poorly venti-
lated structure than in a well ventilated one.

The trials conducted in the experimental building are of interest
because heat was an important lethal factor both when the building was poor-
ly ventilated, and when it was well vontilated& Nevertheless, the quant-ty
of fuel required to produce a time x temperature product of approximately 600
degree minutes was 5 gallons under conditions of poor ventilation and 12 gal-
lons under conditions of good ventilation0  A dangerous depletion of atmos-
pheric oxygen or dangerous build-up of carbon monoxide comparable to that
produoedby S galiio e ,fel under oonditlons of poor 7entit cn.c1A not

be achieved under conditions of good ventilation, even with quantities of
fuel up to 24 gallons.

It, therefore, one was exposed to a conflagration at relatively
close ouarters, as was the case with the goats in the experImental building,
ono would hvave to worry most about toxic gases under conditions of poor
ventilation and about heat under conditions of good ventilation. For a
gi-:ren quantity of burning fuel; the chances of survival would be better
under conditions of goad ventilation.

The e:ccrriments earried ou :.n the nine tunn-els serre to illustrate

"ha the toxic ga.4o of :.a-tial co:T.hbustion can be oarrled by Purrenýhs,

In bunr I J byLtr e at the extrem end of o

tuUa 1 7 f~t irnt-he nortoi. and heatlW.1 was V obvIously no-t fatrian
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The experiments in Tunnel No. 2 illustrate the effectiveness of verti-

cal ventilation in acting as a barrier to the horizontal movement of the gases.
of conbustion, and they also illustrate the relative ease of stopping the tra-
vel of these gases by providing a sample mechanical barrier such as the "gas-
proof" door constructed of two G.1. blankets.

The third tunnel differed from the firat two in having a vertical
shaft to the outside at the end of a branch from the main tunnel..- -The ex-
periments carried out in Tunnel 1uo.3 Fh•- the effect of this vrtcl shaft
in directing the path !;aken by the smoke (and toxic gases).

• It is obvious from the experiments in these tunnels, that a relative
remoteness from the point of an actual conflagration within an enclosed
structure, and where no heat is experienced, cannot guarantee safety unless
one. is separated from the conflagration by sources of ventilation which

._ serve to draw off the toxic gases, or by a mechanical barrier to the travel
of these gases.
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T1T TO0XTICOLOGY OP PIRE

PART V. An Evaluation of the Toxic
Factors in Conflagrations

I. HISTCRICAL AND Ti±ORTICOAL

It has been shown in previous parts of this paper that the6mecha-
niasm by which petroleum conflagrations produce casualties which 1•ermzi-
nate in rapid death are different, depending on the 6onditions ofventi-
lation which attend the conflagration. Where ventilation is very good,
as in conflagrations in the open, heat is the dominant lethal factor,
and death is the result of hyperthermia. Where ventilation is poor,
however, death is apparently the result of anoxia, attributable to res-
piration of an atmosphere containing carbon monoxide, carbon dioxide,
smoke, unburned hydrocarbons, and deficient in oxygen. Heat may play
some part in affecting the toxicity of the atmosphere, but under other
conditions may contribute nothing to the toxicity of the gas
making up the amuient atmosphere3

A very important ojective of these experiments was to provide in-
formation on the relative effectiveness of the different lethal factors
concerned, in order to guide research on protective and therapeutic
measures. It was relatively easy to say when heat alone was the domi-
nant lethal factor, but when a toxic atmosphere was involved, it was not
easy to say which constituent of the atmosphere was the dominant toxic
factor,, Some of the difficulties in evaluating the toxic factors have
already been discussed:

It was decided, therefore; to investigate the problem by synthesis.
T-P Clinical Research Section, Medical Division, Army Chemical Corps, was
rre.gented with the results of the experiments previously described in
which death of goats was apparently due to carbon monoxide and anoxia,
and was asked to expose goats to tho known lethal factors singly, and
tnhe n -tvrious or.mbinations, using intensities and duration of exposures
coo.--ruble to those actually obsru'ved.

Since conflagrat-ons of petrolouin fuels under conditions of poor
ventilation do not result in omonleto combustion of the fuels. unbU.rned
hydrocarbon vapors had to be Considered as possible lethal agents. It
h•ad been- noted by several investigators that scrious cardiac arrhyth-,nia
and even death foluIng veutriof1iar fibri lati on occ curre a a o-etlmas dur-
ing chlorofora: and cyol oprorano anesthesia; particularly when surgery was
begun during the earlier sta'g's of" ant'czia (c1-). Several invest>
gators no ted. a t, Ihn intruvenous injei:n-' o f ' e inpie , a8 & substI

•tut for tbo sy•path:•tic stl.... :o.a of•- oresi re sur'gery, could produce
I.il...r 5iIn Crbn I j":i co Iijct-n. winr wte Inhalation of certain volatile
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*hydrocarbons and halogenated hydrocarbons (9-1l)_...It -was thcought, lhe re fore,
that the inhalation of hydro-carbon. vapors during- a met-roleun- C onflIagre"ti on,
coupled. with the int-ense e&:ictional Stimula'r-0on >kly to occuar1 durn - e x pos-
ure to conflagratxons, nigr-t well- result inl a situat::ýn analogous. to prema-
ture surgery or epinephrine injection duringr inhalation of hydroca'rbon
anesthetic.

The Pharmacoloýgy Sec-tion, M'edical iiinArray Chiemical Co'rps, headed
by Major A. Z. mimn as t&s&t~d toivsiao this pti.-t (1T)Dg

* were, therefore, exposed to the inhalation of 'hydrocarben vapor in c onc en-
trations similar to those encoun.tered in coor>' ventilated conflagTrations, -

and were iniected -witlh en~inerhrinre in order- to stimulate the sympathnetic
nerv7ous system.

The experiments involved were as followsý

11L. E)MRUENTKrL

A. "Synthetic" Experi-ments

- Goats (or insa few experiments., rigs) were, &'s-ally restrained ;In
* the sunine nbsition on an ean'.-al board. An in~latable cuff wmas polaced

around -the chest or upper abdomen an'd connect-ed to a tambo,.r which recorded
on a kxiaogaph0  One of -the femoral arteries was c-annulated. under local
anesthesipa-for the purpose of taktng blood samples and recording blood
pressure, Blood Samples were collected in a heparintred syringe, sealed
o*.with mercury. and ke-Dt on ice until analyzed.

Oygen, carbon monoxide, and carbon dioxide content, and oxygen,
-apacity of' th-e bl ood were measured on the Van Slyke-Neill apparatus. Hem-
oglo~bin was- de4.erM red on eachn sample by a modifica-ction. of the Evelyn-
Malloy ('I) cyannethemaogYobin metho'd,

The gas rmixt1ures were made up in two 100 liter gasometers, and the
* cornoositi ono~f the gas was cheok~ea with the Great- apoaratusý The gasometers

,;were co- ectfl bJ 1 inch bore tubig t a sr-irlr1 pit-ting? head mask, and the
* animal. insni,-rei directly f rom the gasometers. Continuous readings were

1Tt-ec: mntiA+ vo1_wae of' reszirsricn and" respirat-oryrae

'No oractiscal mneth'rod was found for- heat-ing- animals as raridlv as
they w-ere heated in1 exoerL.monts with th-e flame th1-rower. As a oomrrorsse

the tnkof the-: animal wa~s -1rapoed -in t-olayers o.f* hre~wv- felt and tarklish
cei-ng , and was enc:irc.led tith t~hree cc:.Iss of inductother-m cable: Feast-

ing wa contir•:)ed for aorproximtl-04Liue 1 uni h etltmea
tu_ýr-3ne ma sre d 42C50 o r higer, ra t wqhich, tlSB -asing wa ta

ternl tmoeaturs Pmeda~el afer ie ath, measured above the liver,

W~ere -00 her than mhe recu-'a! '&sccera ures.

Mos oftheblod aq atu 7effet oftin. onaiulgsedntI



anTýJMas!s were hllowed to breathe room air, wiV`thout artif1icialreirain

th he pig was used i n a 'ew experiments becadse of its previous use-

in t'eextensive hbatS studies of' 1oritz an-i co-workers.

1. Results Sytetc expneriments

a. Toxicitly of low oxygen millXturef)S

Coats were subjected 'to an atmosphere of pure nritrc-en or
nitrogen- con-taining no0 to 4.%oxygen, sinc-e oxygen concentration fou~nd! in

prvxas'excer~nents ranged from a 21nimumz-. of' zero to an "average" (C t/t)-1
of- 4t4o~t over- the excosure -oeriod: h eut are sw~narized In~ Tab-le lz

o a L orgas hih Lirea ache d 4- 0 4- 4ý14ý 0~ we re s t ill alive at th eIaand! o f
10-15 inute s wen te e xper ime nt. was te r.-i1n.a tled fo r tV�eonnc rZ c reaýPsonrs ,

-. te others brea th-.ed terespect-ivýe ga:Es maixtures luntil. all respirato-ry
Rand. crdiac cttyceaseu.

Juirn52 th-e firs-t 2C-303 sec.onds of gasnthe *a t s
-ware usualy quet; violent con'-ralsive movements then- followed, anrI wore
aco omnant ad by hyperpneat rknn anparent loss of conoisic-usness. Afýter l-11.-
maanutea, respiratory voltume dirminished tri-. con-rals1-e movenents derese

ifreq-uency and _a-ni t-udo The dpesoo'rsioiLwscicdn
wi-th a cessationcr of' the reoular t-rme of' brahn~ olwdu;a ceriosi o0f
apnea lasting: several1 seconds, wihIn tur-an waYs follo-aed bv a series of,
&~asrs at increesing; intervt z..1 death- occurred.

Channes in cardiac. action paralleled c el;the resotra-
tory chianges. After pronounced tachycardia in the seo~on`.hl minuate,
the.-re wasufrequently a brief cardiac arrest at the time of annela. Subse-
quently carliao action -ias c-hareotenized by mnarked arrhy-thmia.- The hieart
beat was generally audible at the chest wall for 6-8 minutes, and electro-
cardilograpohic evidence of' activity was present for as lon-g aIs 18-20 snins0
In one instances, ventricular fibrillation resultinq in sudden death
occurred before respiration had ceased (onset at 2:W minutes).

Arterial oxygen satuaration fell precipitou.sly to a leve1,
o1 approxi-mately 13% at the end of £ mirnte when tht-e anilmal oreathed 9.

*%nitrogen, t'-e level then decreased further to less thnan 110% saturation
at time of duatht  With less oxygen deiin tope-eS the, artcrial sat-
uratio wOa anandbten1 and 2bl until1 respi~ration ceased when

the saturation fell shairply bLelow 10%./fl

b. The, toxiLcit of car-bon -conoxidle - 1(7K or/R,-an mixt-ures

It- aas oonsi::nr-od that 2.7"' carbon 2ioflCXLdW ..) h repre-
sent a r.-asonable."v~~"cnetuio to whrich. vict-ims of a oonflagra~-
tt-cn sight. be qxoosc 4 .L Fivo g-oatc; wýere, thersfors, exposedI to a mixt-ure
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Of 2.7/1- carbon- mnonoxide in sir. The reutexrse s a7.rrago:s !or
eac~h ser-ies, are honin. Table I.

Te Eff4ect of Carboni onox* io -L Low. Cxvý'eai Mixtures

'sixre'2 7tI COI S/ n

2.75 CO 3 F.0
i.n air in N

_PLtber of Anim-als 5 93

Resuirati -n Ceased (an.) 3.03 1.9 4.E56

Lastb G1ast 7.- 'in.) 7.24 34.5

1.0 4 45. 30 2.
6.C.0 13.8 10

rr ~ 7.6 6 1.

Arterial CO. Satur-tisn (0
Duri~ng Gasstrg 1 .0 mz. A- ý. 2 43 -

3.0 7 74.1.2 62 -

5.0 oC.290 -

T h. ConuineI.19 ef'ects ofI carboný m=cncir!e andl iane oxygýen vrere
stnýdicl by xcoslr; 9 yoazs to 2. 7ý_ COAd3.•0 in nitrog-en. The res-ilt's,
exr e s se a s ave r ags, areP al1s o s hown i n Table 1 r3 . The effec'ts of exposin;

3 gatC32•-1 in nitrogePn are shown in th-e la~st column of Talble ii forv

.myurpcses of -ir,-arison.

I"- can be sec-;ha 2.71 20ý in. air is slihty OrF let-a)

than 02 ~ in aitr-ogon in that_ resnirati on cceased andl thelsgapocre
Slight-Lly earIlier wihexosure t the, carbon 7,Onoxide. Arterial oxyg-en sat-
Liration w,ýas lag~er a!"r a C.7 gsngwvn ' 0 ~ e

Th obnto f2,7%7 carbon. monoxide9 wit>. 3 .05Cý oxygen in

rn7rrc roveA to- "-a i-cro loth"al thani eithEr csrbon monoxidle alone o rlo
ru I m I. be> onreoncted from u'hooretical Considelrat o-ns. It P_ --

3 7< r. =

:G & 1 L; Ca?" or - or0
'0 fla~rovn as 'tsu r-m n c~



~$~&::Lonr~iahed. 6 loer 1nvol (Cý)an~d ert,ýrla1 abr nlx'e~~a
t~c'-A -1ho *ier le're1 (OCG5) aftor 5 z-alnutes Zassi!ng writh. the mrixture,

than w.1ith eit-her thel la.,,- oxyv:-en or the airlbon rmonoxIde corporornt.

0. The erfect of carbon 6ioxide

Vazhbz dioxiie levels dlid no", exceel 105 in, th8 Con" 8a-
prat 1 onss stu died3, ev;en arider con-diti ons of rol pt,'- ely poor veati lhtý'on , and
Si nze thecre is S~l eI` ,aV, -do an P thatl~i i#r- & i- 5 : l-th n it2e -no

e~os wer ~ae nada3 t:o czrrbcn dioxile in air alo),7e. It was recoo-nizcd,
noye~-er , t~h'-, the ef~~hi~ e'eot. or 5 Ofl r cnrbtn dioxide on1 thq res-

pirt ,týonar' t'ne rate o-' gasemis eixchanve in Vlnte J.,uag, and the ef'lect of
carOO~n di oxide on th-e dissoociat'ion. of'W oi fromn ýOxcri and Ca~rbon
rmonoxi de, nilth-,. e s ome 8e`ecý nn the tox ,,A.t:r cP ýas mixtures OC)?t~i!-

ow carbon 7ixite and deiin noxy-cn.

Five goats wmere exposed to Pein atmo,,lhere cornt,,ininr
2;7/-' carbon rinoxiie, 3.01a oxygen, arnd'7.eOj cerbon dioxide. 7`h:e results,
ex~pressed as aýverages, Rre shown in T'able iI I .

TABI ED I I

L O~ o6 C arb on, Dioxide on theý Toxicity oif' M-r
CR rlbo2. 'Uonoci de Low Oxyg9n. MAixtaries

Yas 11dixtaira oz

Nu-aboer of' AninLals

R ~ie 2z" .t 1 Ce a Sed (rii-n.) 1 2 5

L -- 0t Gra P;an=

Art-erial Qxygen Saturation
Dr Dr in Gassing, 2.0 min.Q 20

ýI.O '

Arteria COr 72r¶ito
~~~~~~ .as n c) r~ n .7

it -oR-a be seen 1--T. the dlata of 7able 11 an! Tfab71, !I!,



hETRCGD d. Peefet of artif'iciala fever on thie tcxioit'/ 8

Arb'i fci oaI Creer wa s i n,'u cesd i n 2 1 yoat s. 4 o f whori ch
died w ithn 10-20 rains. f1roia fever alone,' and Rpparentlyý bec-ause of res-
piratory failure wihprecipitbous fall in blood orjgoenatinn before ciroui-
latory failure occirredý

The goats which surv7ivei induction o f artifinial R fever
haf! rectal temperatures at the etd of heat'; Mhc agdtwe.4.

rA4*O~ It was noted that there waS- soxe decrease in- arterial o7yFen §

saturati or. after ind~uction of' fever, the --initil 0vr~ 2 sat'ration '0-
ng 91.4%ý and the arerage after irc~d'uction of fever -,2g Wiete rea-

3OflS for the decrease in oxygenation during- induction vf' PArtificialfer
*renot in~vestigated th-e decrease in affinity between hemoglobin and

oxyg-en at ellevateld tenoeratuires may be R f actor(2

a. The e ffect of artifIN.ci al fe9ver on"he tori city

of lethal gas mixtures

Heatd gats eregas qed wit the maixtures ore~ioasly
described, and the results eropressed as avernazs for each series are shown
in Tabole T'r'

TABL2 :-V

Sffect of Heati~ng on Goats Exnosed to Lethal 'as Uixt-ares

ss Lxtureý 4.>Q .7,> 00 2.71/3 CC) 27>2
'r 3p 02 a

* ITLUOcr of'A~ 4 3 S

*Res oir atf -on Ceased' ("7dn.) 2.1 2..125 13

Last Gasp (rain.) 3.7 4:.4: 2.85 2.78

9 A.+~r2C2I(O Satu.re.zion
~~~ o'as---05 20. A71242

1. 0 14.4! 4-1.32 12.2 1

54. 0 56..6

ArteDrial CO Saturaýtion
-inutes of Gassinlg 0.5 21.4 3. 27

1.0 44.3 2.64
3.0 71.8 37.8 49

5.0 7q.2

A comaparteon of these datra with th-o~se o'. Tables I, II, au-nI !ITlsost
'heat hada a pronounze~OAco in, onfueiu crc UCGeO'l- . as to

theieha 3
- ).iltures ased, T'trae of" 4eat ew reduce.-.d to less Thn3
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n~1nutes in. anias boreathing 2.7" O n 'O in 32t o t '4tout .

CC)2  4'% 0 killed in -6;7 v~nutes, com~riurd -7tith anl avera~e SourvIval i.
eoan 1-3 miinxites in unlaeat-d ani~mals; hnd 2.7~ C n! air killed in~ 4.4

ITiflutes as- co;. Ped 7i th 7 2 1k mi nnutes i-n oc~t3 not n a b. 14 a d t c,

Arter~ial. cx.ýe. mad~]o~fl ih£ore rapic.ly i

hand, *increasediý:orýe slowly ':-,an in unheaabe an; Tials, except for the E'roum!

a~L'i -. 207'j CC) i." a ir v L duat', L'A ij loud of e tt~i d`Iiials e ý*I. iý 'se to
2.7% -'- andc 3.0,1 02 contaiinel only, -37.8ý' carboxyhniaoglolbiz~ and -.at of

ai-4als exposed to 21.7/C 00, 3./ 02, and 7!~ COj' ' c~ontained 4;"/ carboxy-
nemoglolbin as compareal -.qith- trtosc'aot9 in. unheated ani.mals
T (T&l:ý1 sII anid TIl)

f~ The oonnat- efezs- low-oxygen and1 high

carbon~ mmooxide or. ioats and p-gs

In order to get data on another specics than the goat,
and because of' th-e extensive hleat stud'ios of Yoritz and co-workers on -pigl,

it waý!dc~_ to c, ggosiJ.g w th 2ý715 CO a.A 3 12in!2 and" ý 7cn
~~--~~ 1' n 7J 02 ilt 2  Thq rpsult-s, expressed as avera-ge1s, are

shov.M.i Table V.

TABLIE V

Lffeot-s of' Low Oxygen and. Hi1'.h Carbon Y!snoxide on F Is

G;as MINxture 7.0 co
in N2

lk ' oze r o f A 3r~i

Arterial C)2 SatY"_irat on

R'"nates cif Gacsiiag I. L) 1 36

* AteralCO Spaturalt'on.
"'nin-tes of "3aSSIngl 1.0 7 49

2.U 838
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Comparison of the data of Table V with those of Tables TI
and III shows that the response of pigs to these gas mixtures was not appreci-

ably- different from that of goats,

g. Survival rates aftet 3 minutes exposure to gas mixtures

A series of animals were gassed for 3 -inutes, and then
were allowed to breathe room air, since this gave, in most cases, Ct products
as great as or greater than those ouserved 1-i feld experimnents (Part 'IT of

this paper). A large majority revived snontaneously asthown in Table VI.
'Yost survivors were on their feet and appeared normal at the end of 15
minutes after gassing. Three of the .5 deaths occurred during gassing.

B. Exoeriments aith gasoline vapor and epinephrine

The experiments wi`i gasoline vapor and epinephrine have been des-
cribed by Chcenaweth (15) elsewhhere, and "Vill merely be reviewed briefly, here.

Healthy male dogs weighing 5.6 to 20.4 kg. were anesthetized rith
35 rng.4kg. of sodium pentobarbital given by intraperitoneul in"ection. Gaso-
line vapor in air was delivered to the dogs through a tracheal cannula, and
the concentration of combustible gases in the mixture was recorded continu-
ously by drawing a sample of the inspired air througih a Cities Ser.-ice M. !I.
Heat Prover. Blood pressure changes were followed by means of a cannula
inserted in the femoral artery and attached to a Huertle manometer, end
electrocardiograms were taken on a Sainborn "Cardiette".

The procedure used was to take tracings of the electrocardiograms
and blood pressurŽ before adninistration of the gasoline vaoor nit begun.
Gasoline vanor was then aiinistered in such manner as to luplicate as
closely as possi.lDe the concentration-tine relationships found in exteri-
ments with flame thrower attack of a ocorly-vennilated bunker. A second
electrocardiogram was taken during aciministratinn of the gasoliro vaoor,
and then, after an interval of 60-120 seconds, 0.01 rag. epinephrine was
injected intravenously.

Ventrinular fibrillation occurred ia 12 of 36 trials, involving 21
dogs, in which the gasoline vapor concentration reached peaks between 4 and
S volues per cent. Ventricular fioriiiation could be induced in the re-
maining dogs either oy increasing the oh]nle-ging dose of epinephrine, or by
increasing the concentration of gasoline va92r, or oth.

The mecharism of oroduction of' ventricular fibrillation under these
oircumstanoes has been discussed elsewhere (15,) hile no firm coclu-
seons were reached, it anpeared that ventricular fibriliation usually results
".,:-en an ectonjc coe-ilex occur-s the h riod of late systole or early di
&stole.

RESTRIPCTED
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The ultimete aim of research on the oause8 of rapid deatlh." in petroleum
conflagrations resulting from fla!e throwter a~taz'r-xas to provide information
on the relative effectivenes of the different lethal factors coacer?;ed. Ex-
cept for flame attack in the ouen or under conditions of _abundant ventilation,
where heat proved to be the determining factor, it was not pos;:ible to decide
from the data of fil trial the relativ importance of the different lethal
fautors 11w Th usc-1 .... fo the diffieul ' bc f n more de"tail
below, but the t'synthetic" approach of exposing. animals to the lethal factors
singly and in various combinatione as described in this pPor was adopted in.
order-to clarify the situation.

A. "Sytthetic" experiments

1. Lowooxygen, ,mxture s

Although, as shown in Table I, breathing low oxygen mixtures
casen dapId and profound changes in respiration and blood oxygen, even
total oxygen lad was ganerally insuffl ciernt to kill in a period of 3 x.tns
(S0 2 Ct 60). This is shown by the observation that the last gasp
occurred, on the average, 217 seconds after the onset Of gassing 7.th

cylinder nitrogen, and that 5 of 6 goats exposed to oylinder nitrogen for
3 inns. recovered5  Animals breath-Jng less anoxic mixtures might die
fortuitously as by ventricular fibrillation.

The effects of oxygen - deficient mixtures on minute volume
of respiration were extremely variable. Many factors undoubtedly played
a part in respiratory changes and differences in minute volume appeared to
have no signifioant effect on survival or blood carbon monoxide or oxygen
content at the oxygen and carbon monoxide concentratlons eiuployed. Thu
effect of anoxia on the goat should parallel that of anoxia on man, since
Barcroft and associates have reported that the oxygen dissociation curves
of goat and hu.an hemoglobin are very similar(14) 0

2. Carbon monoxide - low oxygen mixtures

Since the concentrations of carbo.xyhemoglobin and oxyhemoglobin,
when hemoglobin is exuosed Lu 'aubphes containing c.r.con moc"noxid "e
oxygen are proportional to-the relative partial pressuros of the gases, it
can be predicted that lmo oxygen in the inhaled mixture would favo-r the fcr-
matlon of carboxvhemoglobin. The additive effect of law oxy.-en and carbon
monoxide would be more apparent, however, if the oonoentrrat ons used were
less drastic in effect than those reported here. In other words, lethal
ooncentrations of redaced hemoglobin and carboxyhemogics•, were eaohed
within very few minutes when low oxyfen Tnix'OUros or" 2.77, car-bon monoxide i4n
air were e.plojea separately. HuEcievr, blood gas concentration changes

were slightly more rapid when the co~ibinati.: was usod.

F.STTR ICTED



3 ff- oct, o carbon dioxide

The action of-carbon dioxide in ;utimulating respiratory volume
and circulatory rate is lIkewise overshadowed by the high concentration of
carbon !onoxide Rflnij lcv concentration of oxygen used; in addition, there was
insufficient time in most experiments for carbor dioxide to exert its stimu-
lating action.

Nn•-ei ous factors undoubtedly contribute to the increased sus-
ceptibility of heated animals to toxic gas mixtures. The fact that car-
boxyhemoglobin concentrations at time of death in heated animals was much
lower than in unheated animals probably indicates that the animals died of
the co.obination of other factors before carboxyhemoglobin concentration
had time to reach maximal levels.

B, Effect of gasoline vapors and' einephrine

The inhalation of 4-8 volumes-per cent of gasoline vapors followed
by the intravenous injection Of 0.01 mg. epinephrine in dogs anesthetized with
sodium pentobarbital resulted in fatal ventricular fibrillation in a certain
proportion of the dogs. This concentration of gasoline vapors could well be
encountered during petroleum conflagrations, an'd tho emotional disturbance
attending exposure to such conflagrations might, well result in thc liberation
of sufficient epinephrine to sensitize.tI-e ayocardiwum to ventricular fibril-
laotion. While this mechanism of death must be considered as possible in
petroleum conflagrations, the evidence of the field trials previously re-
ported, and the synthetic experiments reported here would suggest death
usually occurs as the result of anoxia due to oxygen deficiency, and the
presence of carbon monoxide in the atmosphere, and heat. The hydrocarbon-
epinephrine mechanism, however, is of considerable importance in other ap-
plications and has been discussed in detail by Chenoweth (15) and by
Garb and Chenowoth (16).,

C. General

It appears from the exoeriments here reported, that low oxygen,
higih zcarbon flonu.&ill and fl&stu are the GA1atn-_ -ocý n

death in exposure to conflagra...ions under conditions of poor- ventilation.
Carbon dioxide, while potentially capable of increasing the toxicity of
those lethal factors, apparentlr contributed little to their toxicity under
toe conditions of these exoerimAents, Another nossible lethal mechanism,
that. of hydrocarbon vaporL. oluj the release of euinephirine, leeli,' to
ventricular fibri~lation; was annarently overshadowed by anoxia in actual
c onf i agrati ons .

In t his connction,. it is interesting to onsidev cert an dl f" cu
ties Inherent- in the interpretation of the experimental data deriko f rod
field trials in a poorly-.ventilated iortificatton. .i 1 `Ct.. ..sow the
various correlations bet',,reen log NO , lt,o 0lo C0 Ct-. l• Ocog Ct, end log Tt,
t.. ken t,,wo at a time2  The nu-merical correlations arc show.n 4n .... o V I I

.• .............-. 2Ž2CŽ•. . . .. ....-.. . .. .
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GOAT MORTALITY
LOG A O1 Ct VS LOG CO& Ct IN BUNKER
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-Correlations Bet'wee Different Lethal Factor•
Produced ýy Flee Attack In a Bunker

Correlati on
Factors Coefficient (r)

Log IN 02 "t.'o C~O •: 094h

Log S 02 Ct:Iog Tt 0. 1

Log 0 O Ctlog 002 Ct 0.0!

Log CO Ctilog Tt 0.85

Log CO Ctilog CO2 Ct 0.88

LoTt :log CO2 Ct 0.69

It caq be seen that strong positive correlations exist be-
tween eaoh pair of factors, and by reference to Figs. -61, that each
factor singly could be positively correlqted witi animal qortality.
If only one of theme lethal factor's, e.g., Tt, had been measured in
these experiments and a correlation deternined between log Tt and goat
mortality (ruO.86), it might hace been tempting to speculate that heat
was the obvious lethal factor. Simillarly, if only CM2 had been mea,-
ured. a oorrelation would have shown equally good agreement between log
CO2 Ct and goat mortality. Thus, these exp,3riments illustrato tho
danger of drawing inferences as to causatlorL from correlations where
the vairiables crorrelated are not independent of other variables which
may be concerned with causation. It wou]d be legitimate, of comrse,
to say that lo- CO2 Ct might be as useful for predioting goat mortality
in these experiments as log Tt, or logAO 2 Ct, or log0 Ct, but
that is as far as one could go.
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TH".4 TOXICOLOUGY OF IR

PART V I. Protective M~easures l ~atTjur'y by Fi.r e

r * Protection against fire Involve& bodily protection agaInst hoat and
respiratory protection against oxygen d~efiaiency and the inhalation of
toxic gases.

Protection against very high temperatures for very short periods (less
-than 1 second) can be achieved by very simple means such as a layer of heat
n~rotective cintment or thin. cloth. As the duration of exposure Increases,
the requirements f'or a protective body covering' be~orme m~ore rigid, the best
,devised during the war protecting against flame tempara-ta-res for more than
one minute. Moist coverings become very dangerous if thsy ares heated suf-,
ficiently to generate steam and -if the steam can reach the skin.

Respiratory protection ýagainst oxygen deficiency and the I.aiOn f
carbon, onoid&.u~ppear3 to be of' paramolunt importance In any-poorly venti-
lated conflagration. The proteotive mneasures involved shoculld also be
effective for protection against, any Incidental toxic gases-that might
oicaur (such a~s nitrous oxides, phosgene or sulfu~r dioxide) from the thermal
d~ecomposition of aertain chemnical.s.

Ventilation iS a good protective meas~ire for pers~onnel in the immedi-
ate vicin-ity of a conflagration in that a plentiful su~pply of fresh air
prevents the develop-mrent of an oxygen defizziency and the formation of
carbon monoxide Ias well as dilutes any incidental toxic gases that might
be present.

A second measure of priotec'tion consists in setting' up a barrier be-
tween exposed pers onnel and the coiiflagration. Any. barrier that ax-
lud~f &uoka is li-cly to d-so e1oiidl other tcoxic gase~s.

The samount of proteation afforded3 by variouis types of respiratoru or
gas masks is also disc~ussed0 , Canister aasks or any other devices whioh
denend on an adsoriaont for thle removal of toxic giises f1ron the atTLJaosnlkre

cannot be used safely in :an atmosphere deficient in oxygen. The air-,
line or self -contained oxygen mauks., on the other hand, whe)n fuinationinlo
prpelyare iaeee n ox--en-def'icicnt atnosnheres air atirt.oB-oherros

cortainirng dangerriusly toxic vases.

(1)RITI
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S:2 TOZICOLCXQf•0F FIRE

PART VI. Protective Measures Against Injury by Fire-

I HISTORICAL AND TIE•GRETI CAL L

Previous Parts of this paper have shown that the rapid death which
can occur as a result of exposure to petroleum conflagrations may be due
to heat, or to the inhalation of a toxic atmosphere, or to a combinatioa
of. these. Ventilation determines which of these factors predominates.
Icit ventilation is good, heat is the dominant lethal factor and rapid
death results from a general or local elevation of the body temperature.
The delayed death which usually occurs as the aftermath of extensive sur-
face burns of the body was not a subject of study in these investigations.
If ventilation is poor, inhalation of a toxic atmosphere is the dominant
lethal factor, and death Is the result of anoxia which stems from a pri-
mary oxygen deficiency aggravated by the presence of carbon monoxide and
to a certain extent, carbon dioxide. Heat may te present as well as a
toxic atmosphere and contributes to the anoxia.

Protection against injury as a result of exposure to conflagrations
involves, therefore, protection of the body against heat, or protection
of the respiratory tract against anoxia and carbon monoxide or both.

II. PROTECTICON AGAINST I2A.T

Heat reaches tho body primaril by convection (ambient heat) and by
radiation (radiant heat)> 'Both types of heat are present daring confla-
grations, radiation occurring either from the flame itself or from objects
heated by the flame, while wmbient heat comes from physical contact with
the heated atmosphere. Protection of. the body against total heat, there-
fore, can be achieved by insulation with a protective layer which does not
readily'conduct ambient heat to the skin. and which reflects radiant heat
or absorbs it in its external layers.

The durhation of enxposure to heat as well as the intensity of expos,:o-L
determines, to a great extent, the nature of the protection required.
Vory brief exposures (less than 1 second) to very high temperatures such
as occur in explosions result in flash burns. The temperatures in the
explodi-ng gases af ordinary munitions maEy Vech s3 0 °C0 and most of the
heat ermrgy is in the form of radiation, Fs.h .... may be extensi've

and fatal donendini upon hoa much of 7th, body Is exosed, but death is
sealdom. or ever imoaediate Longer, t .ouc, brief, exxposures to high
tcmlerat'dres may result in r.ap:''•- - hperthezr<ic death, 'Moritz and co-
workerE (I) shnved t har.t 30-seco'd exposures to air temperature of the
order of 5000 C. produced a •arn f'rnnt tyc f'tal damage to
"p'i.g than, on-•or (10, i ,t) and equally fatal exposures to tomperatures
of the order of 200°OC• In so:rne excerimeuts with petroleum conflagrations,

RT>EZS1 1 ;TRITD
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5 seoond exposures .to teviperatures of the order of 10000C. were fatal to
goats t the c.sof death differed slightly from. that described
by Moritz for pigs. In these instances the cause of death was systemic
or local hyperthermia although the exact meohanism. by which death was
accomplishediliffered from' one type of exposure to another.

It is probably a fair generalisation to say that the shorter the dur-
ation of exposure to heat, the simpler the protection reqlaired. Eperienoe
at Pearl R.rbor showed that flash burns were prevented by ordinary cotton T
shirts, The. balk of the heat produced in a flash combustion is radiant
(infrared) and the thin T shirts were able to provide enough reflection and
absorption of heat to prevent burns to the underlying skin.

Protective creams and ointmenta also have a limited valu•tn protecting
against heat - particularly radiant heat. Ointments whioh contain 4ieta~lic
flakes, for example, reflect both infrared and visible radiation well if the
wave length of the radiation iB small 1 campared to the diameter of the metal-
lic flakes. Metal bearing ointments were not suitable for military use be-
cause of their high reflection of visible light, which was incompatible with
camnouflage requirements. Nevertheless, both the Army and Navy produced
anti-flash ointments which were capable of' reflecting or atsorbing a high
proportion of incident radiation, both infrared and ultraviolet.

Radiant heat reflected away from tjhe body has ito physiological eftects.
but absorbed heat raises the temperatare of the ointment, and since this is
in intimate contact with the skin, the heat absorbed in the ointment can be
readily transferred to the akin unlessz (a) It is dissipated in an endothermnic
reaction, or in vaporizing an ointment constituent; (b) or the oin.tnent is a
poor heat conductor; or (0) the pintment has a high specific heat so that a
relatively large quantity of heat is required to raise the temperature.

It appeared for a time that substances which would effervesce by volatil-
izing water of crystallization On heating, such as borax, would be ýadvantageou.s

ingredients of heat proteotive oint.aents, since ths effervescert action is bothendothermic and generates a layer of gas which is a poor conductor of h^'it.

It was found, however, that such ointment' tended to produce steam, burns of the
undorlying skin which were iaure severe than --oald have been the caso if the
ki: re dry but otherwise unproteoted. While o.inn--erents an! thin cloth are

sle. to protsct againt• -very hi•t•emper.tur.. ,f very short durations they
cannot afford much protection against longer exposures, even at loler taen er-
atures. For this type of exposure, a thiukes- lavyfr of i-,sulation is reoyired.

So, far as nrctective clothing tlonre is concerned, it is possible'to de-
vise types ;"ich can withstand flame tomoeratures i'cr short periods of time,
The familiar asbestoz suits of -r*well fire fighto"r ..rC. a tycical 5%nplu.
These are not combustible and cond-act hcalt poorly, bu- in as short t. a
10 seclonds of exposur- e to flame th-ey may DrŽCOTLS ho. gli ,y he.th..Clthtcu.
their thickners.<, a-id, of course, bu*r"n tle uridcriyirr 7;-''n. ?lsc pro, LI -
sitl.bick, do not br"_rr" o nt bcan o verv hot. It wac not unoo-i-
mon ting the ",ce.r to find that cotton clot7- , ,rri unurr Tho . .tos'

was oha"..d even-thoug, the .cer• Vor Qotowt ý,tve.tI_ shor'd.r , U..

heat damage In. one •xt.:e:ie .... riment " tont" Aiod by the 'I4,3 d .c 3- A ,-. a
rstore ..... ,.r was dressed in a cstiVO EUit ."..,
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able design. rn~d was exposed to the direct blast of a flame thrower. The suit
waLS Unharm~ed but the 61=1y itself wasn bai1ly charred. This is not intended to
mini~mite the value of proteotixve clothinC. Wit 'h standard available cohthing.
it is pos~sible to sustain exp~ouure to fl~tune for a mattior of seconds withouat in-
Juary. With the beat protective clothing developed during the war,ý tho-period
.of exposure c-ould be extended to more than e. minute. This time, while short,
may be-all that is needed to escape from dangtr or per~form v~e important, act
of daffensev- Sincoe special fire protective ol~othing in not'readily available,
huwever Itu waia o" j itcrt to study-the ýpr~ nof protection prov-ided by
ordinary -4uolea oi,. he~avy cotton oloth.

During t +he experim'ents on the effect of explosure, of' goats tio fire: bomba
drarooed f'rom an airplane, the amovnt of protectilon afforded by an ordinsiry
woolen G.1. blanket or h shelter half Yrar studiei. 4oata were prepared a~nd.-
ex"'Oesed a's in teexperiments previously daeucribad, but were covered writh a
blanket or ahe1-er half. It tas found that dry covers tendtd to ignite and,,~
if they Edod 'Offered less than alo protection since severe b'.irns rosulted from
oonttct; wiith the burning cover. Wet co~vers did no 't ignite and gave conuI~.er-
&p~ly mnor1e protbectiot, than no. cov7er, at all. The beat: protecti on, however.--was
glve wiien the protective! covers, wet or ýdry, were removed from the animals by
re~mote control immediately after the fireball resulting from detonation of the
bomib had passed. Th-9 results of this proteoti.on can be seen in, the s*i.ary 'of
U.ble I, in which ýcatv wer-3 clari~ified til oae oatagory ae eith,3r dead or proia,-
trate o r in another Oeatiqlory as injourred or not Injured. Thu~s, while the pro-
tectian- r!'Pcrded by a woolean bl~asnt. or a shulter half du~ring an. expovjrei of
several-seconds to flame itself was not &bbilute, It was significant and life-
saving in m~oiases.

Ta LE I

Su~ary of' Ztffets of Fire Bombe. on Protectt~d and. Unproteogte'd
Goats on the, Surfaule or' the, Grou~nd and. in Slit Trenchas

Dead or Mujral or
Ani as Prostrate Uninj~ured

Unprotgoted on Surface.8 ,2)
Protected on Surface 31% 6 9%
Unnrot~aoted in Tranuh
Frotectred in Trtni~h 9___ ________ 91%

it bc rapaii zed thIat prctertive o'ovei'ings p~iu to the Vad~y ar
value~bloe for only a It~ perie~d of' timae, the li-aitat;on bein,7 the tine
naecstary for th-ornai equ~llibrluui to occur 1ýa~len -ýhe Outer to. ýh inner
6uu-Vace of t'he zovt;n_ ,, 1.rng L o JITfr "bet t ý pro,(;-<Aion against
hnePat thp- dry- 15~l', C~ t'r-.y -,,i I rctl init" so loneý s --hey are
wet, &nid beue ur!:ý ~ to~~ood ~ i ~ un in ead~vot.hornin, pro-

c of i ~ it r L'ut if -ted t(I t~he, p-init, .%hsro gtex i%
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produced, they may c~ausae very severe burns t o the underlVirAS skin. Dry
woolen. or cotton covera ignite fairly readily, and if' igni~ted, oan cause very.

sevre urn- Te besat practical use of' protective coveria a i v Ies re-
Moval as soon as possible a:Cter exposure to severe, heat Is ov~er.

Th~e importance of protection aGainst heat varies with the degree of
'ventilation attending the c~onflagration., Where the vettilatiort is! good, as
in conflagratlons iu the open or in well ventilated bu~ildings, protection
!i-ainst heat 0.lone is required sinoe toxio gases are. either :no~t produced or
do not accumul.ate, tin4,'r conditions qI'..poorer ventilation, protection
against heat as well. asagainst a toxic atmosphere mayr be necessary.

1Il, RZSPIP.ATORY PROTECTION , . - -

In discusain, repratory protectior. in co~nflagrations, di disti notion
auat be made between the toxic atmosphere produced by the ordinf'ry produot~s
of partial. oombu-stion -i.e., carbon mo-noxide, carbon dioxide and ade
ficiency o.' oxy~gen - and those produced. by the thermal decompositi.on of oer-
tain organi~c chemicals. Examples of the latter would be nitrous, oxides from
the decomposition of nitrocellulose, or nhosagere from the decomposition 01
coarbon tetrachiolride, or sulfur dic, ide, fron the combustion of' sulfur ýom-
poiQnds. Gases off this type may or may not b~e present i~n any given oonflagra-.
tion depending on w.tis burning, or is subjected to high te1mDeratureu. "They
were not present it-i~-the petroleum uonflagrations described in the vresent
series of papers. Nevertheless, the inhalation ot P 4-oxic a.'-mosn1herewas .-

-very important lethal factor for goats expocsed t,- conflagrations under, con--
ditions of Door ventilation. Death. undfe-r t~hese oircu-metances, wea &Usually
the result of anoxia, arising from prin~try oxygen deficiency and from. the
inhalation of carbon, monoxide, and aggravated b-y heat. And regardless of
'whether special toxic gases like nitrous oxides or phosgaiae might be 'present
in a given conflagration, these ordint~ry le~thal faotorip. eading to anoxia
are still pres~ent and muslt, 1e reckoned with. F'ortunately, protection.
against special toxic gases as well. as-the ordinary toxic atmaospheres of
conflagrati~ons requires, essentially the same mteastures.

The 'irst measure of' respiratory protet-tion to be rone~idared ±s venti-
lation. If' air can be adm!itted freely to a fire, partial c mnbustion lead-
ing to oxygen deficiency and the, pro~tction of carbon snnonoxide cannot cccur, -

and any spý,c~l u toi ý-asoo that- M{ihtb. ?Iuced. Oan Y-e i~eld tc1 low con-
centraticns by the -process of dilution. Thle free flow of f~resh air into a.
bulldin., Incidlentally redu,-es tb? -.- e x tf3;parature, product" ý7t) produJced
by the cosabustio-. of a unit a.-Lo115t of If'uel v.I`t-h in t L b,,;i Ld irL~ 'hu r Mi n A.

* mizing another '.ethai fP-tvr Of exT-stire 0 to '_ anklto s
a j]~ py-to t.-C t de'3c o!r~ ~~vL thtl i rimed- iatF v~o~n~tY of

the o FiŽ re conic-rti-16, bu4-t r v~t iht a->j ~ico i crdo b
S1 source Of d~gr

Gases prodc~i the ;`rntyo:n ,~ c zcT-1uted ~iyfrcn tile
"Tby -vriti 7ationr prjcs,ýoL, ZJthecr ncr~i a'r )7 e~ rmno there Is dang~er,
f , tvt t:-.,y 7ay be cc'nd'~t.1-vit -,r Ž trtv gi, relativ'ýIy r6-

:rc~the ir - ;-,aei an th r e p r oWe ca ,)'~ :rposedt perszirts.
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Even in a mine t-unuel, Casea3 t:'rvel by correjltil.on o-urrenteaXa for=tro hth~r
o ri nal socu r c c. Ai.r Dc n.~ i -t onig of £6`20 -ý.-3tilat-ion sys te;-; c ould-
soread fire rasos for decjqicrqble ditnc lucidqngts have o oiw~
to occur, in fires in nines or o-1 sh-ips in ;;hich,,' fire ;.;Iqes h.ave bee -tsr
ried through forced venti.lation systle:ns to ro~aot., locati,., k-mi hayý-.,

sute n atltis SJvit ir instances arg a-rela-tivaly cor~on o.ýcur- i..
rence in homes, where gase-s frcn a A 0 f' ecoal, furna~ce miay porneaL~e the
houase, injuring or killing som.e of the occutiwants. In s urant.r Y, good venti-
lation in the vicinity ofL n fire orevents; thie noirnc oicams

phoes bu nth rsnce of an insuffcien-t supply of' air at the sits of
combustion, -toxic gases -may be trans f~rl'ed by -e.hat~over ventilation pocesses

a exist to Places distant fro:a t-he fire itsel~f. -

A second method of protection against oicfire gases consists of set-
ting up a barrier between the fi~re, tad the rersone erp-,osed. Experimenlts
have been described in which the famailiar "gas-proof door" oil civiltian de-
LePase days, oonsisting of a pair of blankets hung across -a nine tu~el oCMr
pletely protected a goat on the far aide of' the barrier While another -goat

*on the near side died. Wooden or metal doors would make sn~even bpetter §
barrier than blankets. - 7

Fortunately, smoke, which is relatively harnlbs3s In itself, stoarupsimesi
the other fire gases. Smoke is visible and haEs6 a haraot~ristto odor when-
as carbon aonoxid~e and lack of oxy~gen tire no c3114 se~zigtj nszuiq of their
presences. It would- appear sound to say that if one- caan Ikeerp #tg-~ .
or can exclude smoke from one's vicinity by any ba&rrier of say material $_MK

text:,. tire gases that might be present wouU~ also be exoludedo T oo a*hen J. ý
* ~too little ettent oz £5 paiLd t o exposure tu &aokq, Ccrqettn thtdiap.

at.-roapheres may accompany the smoke.

Sc~ttns crtrto tho paao~a;e C~t !1 re -- ac azd s-oke =y b4S I-
tangible. It will be reontied that in a prev.ious paper It ws3etwn
(part IV) that orer-loes orteadlnc uvnwerd in a min-, wnvnel to tbt nta~lde air
cauaod the smoke mid fire Gansa to Sweep Ujwtrd an!i prri-erztid their further
tra-el into the aini tunnel.

General respirat-ory protection-by ventklatinn or berrle,'s !-c uot &1SJU
p oassible. so that situations may &rise wk~sz-e 'jorcannsI z..'t 4nter ain&o&

phor knr te e at lestr-------------i-.-- -- gal-at- ___

rely an gas seeksS or respirfttors.

'There are two basic .p:reu or respir.%turs-, Thece ;-ret )l.pr

ors whkioh depend cn @one nlsc:! "nt much as aot'ra ca~ror ;i, a -*oTR1Qti tr tn
r-tetoX¶: gaLSes frcr. th-i f'Otoipbenej eX~nplha are '&hr !.L1; iry g&3 tnv's

or thecA 4rl \re f~rator a-.L 7.t1; 1=4zpr
r04 int *h

irde,5sn oa no~ r~nr , k
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.tmosphere. •While we-ring l.t .may delay death by removing carbon monoxide orother toxic gases, oanlnot supply oxygen which is necessary for life. Ansvon more severe limitation exists on the use of a wet towel orý handkerchief.
':- ther Saupply i ygen or remove carbon monoxidoe At best it might

--.-. ,The:inspired air Land remove some smoke. Canister niasks should only beworn Where the prebence of sufficient oxygen can be demonstratod. Specificý
ally they nuhl4 not oe worn in any atmosphere which will not suprort thef!ame of a csandle or mnac safoty lamp, or carbide lamp. Ib r:h flme burnsteadily it may be presumed that at least 12% 67rygen is present and this is
sufficient to at least support life. It should be pointed out that in oer-tain locations where there is little natural ventilation such as mine tun-
nels, local pockets'of air may exist which are toxic and deficient in oxygen,Persons dependent on canister masks must, therefore, proceed under such cir-
cumstances with the greatest of caution and only when accompanied by a mine
safety lamp or other reliable indicating device which will indicate F. danger,
ous oxygen deficiency.

The air-line or self-contained oxygen masks., on the other hand, supplytheir own atmosphere to the lungs of' the wearer, and thus are 6afe even in
oxygen deficient atmospheres or atmpspheres containing dangerously toxic
gases.

For the sake of oopleteness, a few words should be said about the in-
halation of heated air. Meritz, Henriques, and McLean (2) have shown thatthe inhalation of very hot dry air produces severe burns of the upper respi-ratory tract and laryngeal edema because all of the available heat is lost
in the upper part of the respiratory tract. The inhalation of ate
the other hand, produces therma.l injury to the entire respiratory tract in-cluding the lunga, because steam has more heat to give up to its surround-
ings than does dry air. Hence some heat still remains to be delivered whLen
the inspired air reaches the lungs.

It was our impression, however, from the present series of experiments
on petroleum conflagrations that heat damage to the respiratory tract was of
minor importance except in animals in the iwmiediate vicinity of the flame,
and even these apparently died of a systemic hyperthermia rather than from
laryngeal edema or pulmonary injury.
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